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THE ABSORPTION SPECTRUM OF IODINE VAPOR 
AT HIGH TEMPERATURES 


By E. J. EVANS 


The influence of temperature on the absorption spectrum of 
iodine vapor is of great interest, because iodine is one of those sub- 
stances which dissociate at high temperatures. Konen' investigated 
the absorption of the vapor at temperatures up to 800°C., and 
found that the absorption lines weaken with increase of temperature. 
The subject was afterward studied by Friederichs,? who found that 
the bands finally disappeared at goo° C. Konen also investigated the 
emission spectrum of heated iodine vapor, and discovered that it 
consisted of bands coinciding in position with those of the absorption 
spectrum. This result was confirmed by the later researches of 
L. Puccianti,3 who considers the emission to be a true temperature 
emission. Fredenhagen4 has also investigated the emission spectrum 
of iodine vapor, and claims to have shown that iodine vapor of 
homogeneous temperature can emit only a continuous spectrum. He 
also verified Konen’s work on the effect of temperature on the absorp- 
tion spectrum. ‘The object of the present research is to investigate 
the effect of pressure on the temperature of disappearance of the 
absorption bands, and to see whether there is any connection between 


t Wiedemanns Annalen, 65, 257-286, 1808. 
2 Zeitschrift fiir wissenschajftliche Photographie, 3, 154-164, 1905. 
3 Atti della Reale Accademia dei Lincet, 14, 1° semestre, 84-89, 1905. 
4 Physikalische Zeitschrift, 8, 89-91, 1907. 
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the disappearance of the bands, and the dissociation of the iodine 
vapor. Planck in his work on Thermodynamics gives an equation 
by means of which the dissociation of iodine vapor at any temperature 


and pressure can be calculated. If the vapor dissociates giving 
b’ 


n,J, molecules and n,J, molecules ——~—- =a,e *°—, where 6 and 
Ny, (, =H N,) p 


p represent the absolute temperature and pressure respectively, and 


MAM HAA OY 
ZG 


Fic. I 


a, and 0’ are constants, which can be evaluated if the vapor density 
of iodine at different temperatures and pressures is known. When 
p is measured in mm, the values of a, and 0’ deduced from the work 
of Meier and Crafts are 9375 and 14,690 respectively. If the tempera- 
ture and pressure of the vapor are known, the degree of dissociation 


nN, 


represented by . can be readily determined. 


N, “fe nN, 
EXPERIMENTAL ARRANGEMENT 


The apparatus employed is shown in the above diagram. ‘The 
iodine vapor was heated in the quartz tube AB, provided with a side 
tube, bent round as shown-in the figure, and ending in the bulb &, to 
which another side tube had been fused. The side tubes and the 
bulb were also made of quartz. ‘The quartz tube was fixed inside the 
carbon tube CD by means of two carbon rings, and the carbon tube 
was heated by passing a current of 200 to 300 amperes through it. 
The current was led into the carbon tube by means of large graphite 
blocks provided with two openings in which the carbon tube made a 
tight fit. The heating tube was well packed with graphite to insulate 
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the heat. The quartz tube was 20 cm long, and 1.4 cm external 
diameter, and the carbon heating tube was 40 cm long and 4 cm 
internal diameter. ‘The tube AB was always placed in the center 
of the electric furnace, as the temperature was nearly uniform over 
a considerable length near the center of the furnace. ‘The tube was 
also opaque except for the ends A and B, which were madeof clear 
quartz to allow the light from the electric arc to pass through. Since 
the ends of the tube were curved, it was necessary to use a strong 
source of light. This was attained by allowing the light from the 
positive pole of the electric arc, after it had been concentrated by the 
large condensing lens Z;, to pass through the quartz tube. The light 
which had passed through was brought to a focus on the slit of a 
concave grating of 1 meter radius and 15,000 lines to the inch by 
means of the convex lens L,. In this way a bright spot of light was 
focused on the slit of the grating spectroscope, and the first-order 
spectrum was observed. 


MEASUREMENT OF PRESSURE 


A quantity of iodine was introduced into the bulb £, and the side 
tube G connected with a Fleuss pump. The silica tube AB was 
evacuated to a pressure of 1 or 2 mm of mercury, and the small side 
tube G sealed in the oxyhydrogen flame. The iodine vapor will 
diffuse into the silica tube, and finally the pressure of the vapor in 
every part of the apparatus will be the vapor pressure of the iodine 
at the temperature of the coldest part of the apparatus. The bulb 
FE containing the iodine was immersed in an oil bath, whose tempera- 
ture could be regulated by means of a coil of manganin wire, which 
was electrically heated and placed immediately underneath the oil 
bath. This heating coil, covered w:th a thin layer of asbestos, rested 
at the bottom of a larger concentric beaker partially filled with oil. 
The temperature of the oil bath was read on a mercury thermometer 
immersed in the fluid. By regulating the current flowing through 
the heating coil, it was possible to keep the temperature of the bath 
constant to within o°2 C. during the course of an experiment. As 
the vapor pressure of the iodine was to be deduced from the tempera- 
ture of the bath, it was necessary to make the bath the coldest part 
of the apparatus. The length of the side tube inside the furnace was 
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always hotter than the bulb, and to satisfy the above condition, it was 
only necessary to insure a higher temperature for that part of the 
tube between the end of the furnace and the bath. That was accom- 
plished by winding the tube with thin aluminium wire, and regulating 
the current flowing through it by means of a wire-frame resistance. 
Preliminary experiments were made with the same wire wound round 
a silica tube of larger diameter, and the temperature inside the tube 
was measured for various currents. In each experiment on the 
absorption spectrum, the current flowing through the aluminium 
wire was adjusted to give a temperature within the tube higher than 
that of the oil bath. Nernstt gives the following equation from 
which the vapor pressure of iodine at any absolute temperature T can 
be evaluated: 
cap tt 75 log Toa 

In the above equation f represents the pressure in atmospheres, 
and C=3.925. 

The following table gives the values of the pressure experimentally 
observed, and also the pressure calculated from the above equation. 


log p= 


T —273° p (observed) ~ p (calculated) 
ere a © .000004 © .000005 
RO. esac dae: eee .00024 .00024 
ONS Sais ae op aaa .0067 .0050 
Oh oatas ts warren S .0267 .0222 

53 5 ote ute hen ea 263 .263 


In the present work the pressure was always determined by 
means of the above equation, but the results can always be corrected 
for any inaccuracy in the formula, for the bath temperature is always 
given. 

MEASUREMENT OF TEMPERATURE 


The temperature of the quartz tube was measured by a Pt-Rh 
thermo-couple whose ends were connected to a galvanometer reading 
directly in degrees centigrade. To protect the couple from furnace 
gases it was placed inside the quartz tube F closed at one end. The 
tube passed through a circular opening in a piece of asbestos, which 


t “Applications of Thermodynamics to Chemistry,’”’ Silliman Lectures, 1906. 
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was pressed against the end of the carbon heating tube, and the open 
end of this protecting tube was outside the furnace. The accuracy 
of the thermo-couple at high temperatures was tested by determin- 
ing the melting-point of copper. The melting-point observed did 
not differ from the accepted value by more than 1o° C., and con- 
sequently the high temperatures recorded by the thermo-couple were 
considered to be practically correct. The quartz tube F containing 
the couple was pushed well underneath the tube AB containing the 
vapor. It was found that the temperature over the length occupied 
by the quartz tube AB was practically uniform; the difference 
between the temperature at A and in the middle of the tube being 
about 25° C., when the temperature in the middle of the furnace was 
about 1000° C. 


ADJUSTMENTS AND MODE OF WORK 


The quartz tube having been placed at the center of the furnace, 
the line from the positive pole of the arc through the axis of the tube 
AB was adjusted to pass through the slit of the concave grating. 
Two asbestos disks with holes punched in them were pushed against 
the ends of the heating tube. The line between the centers of the 
holes passed through the axis of the quartz tube and the light from 
the positive pole of the arc could therefore pass through the quartz 
tube. The lenses L, and L, were placed so that their centers were on 
the line passing through the axis of the tube AB and their positions 
along this line were adjusted until the image on the slit of the concave 
grating was the brightest possible. The oil bath was now heated to 
the required temperature, and sufficient current was sent through the 
aluminium coil surrounding the tube outside the furnace. While the 
temperature of the bath was rising to the required value, a current 
was sent through the carbon tube to raise its temperature to 300° C., 
and the temperature was maintained at this value until the bath had 
reached the desired temperature. The desired bath temperature 
having been reached, the current passing through the heating coil was 
adjusted to keep the temperature constant. ‘The temperature of the 
furnace was then increased, and visual observations of the absorption 
spectrum were made. The temperature at which the absorption 
spectrum had completely disappeared was carefully noted. The 
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increase in the temperature of the furnace was adjusted to take place 
gradually, especially near the point of disappearance of the spectrum. 

Over a considerable range of temperature the absorption bands 
were very weak, and consequently difficult to observe. It is therefore 
difficult to fix the point of disappearance very accurately. In these 
experiments the eyepiece used for the visual observations was slowly 
moved backward and forward, for it is much easier to see a faint 
object when the eyepiece is moving than when it is stationary. Ina 
few cases photographs of the absorption spectrum were taken, and 
the weakening and disappearance of the lines at high temperatures 
were demonstrated. 


DIFFICULTIES 


The temperature of disappearance of the absorption spectrum for 
comparatively large pressures (about 12 cm) was found to be above 
1300° C., but this temperature could not be accurately determined 
because the clear quartz ends of the tube containing the heated vapor 
became opaque at these high temperatures. A tube which had been 
three times heated to 1200° C. would allow very little light to pass 
through, when used for the fourth time. The quartz tubes do not 
seem to become very porous even at high temperatures, for during 
an experiment on the absorption spectrum of iodine at a pressure of 
10 cm of mercury the tube collapsed at a temperature of 1380° C. 

Another point requiring some comment is the character of the light 
falling on the slit at the higher temperatures. In addition to the light 
from the arc, the lens L, concentrates on the slit radiation from the 
sides of the carbon tube, the carbon rings supporting the quartz tube, 
and from the quartz tube itself. The light from the latter sources 
was scarcely noticeable until a temperature of 800° C. was reached, 
and even then it was not strong enough to produce a visible spectrum. 
When the temperature of the furnace was 1000° C., the radiation 
from it was sufficient to produce a visible spectrum, and the intensity 
of this spectrum increased as the temperature of the furnace increased. 
The light from the arc, after passing through the quartz tube, was 
therefore superposed on the radiation from the carbon and quartz 
tubes. The absorption spectrum of the iodine was readily seen at 
these high temperatures, and the light from the furnace did not 
increase the experimental difficulties. 
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In the observed absorption spectrum there were always. present 
certain lines due to the arc, but they were easily distinguished from 
the iodine absorption lines. 


EXPERIMENTAL RESULTS 


The experimental results obtained are collected in the accompany- 
ing table. ‘The temperatures (C.) of disappearance of the absorption 
spectrum for various bath temperatures are given. The first two 
series of experiments were carried out with a quartz tube 30 cm long, 
but in the other experiments the tube was shortened to 20 cm. ‘The 
temperature of the vapor was more uniform in the last two series of 
experiments. 


SERIES I SERIES II Series III SERIES IV 
Temp. of Temp. of 
i s - : Temp. of Temp. of 
bak bE Lenny ee Disap ae een of Lpeinneavce nee ie Tone tee 
Degr. C. | Spectrum | ° Bath Sea 2 ak of Spectrum Cae of Spectrum 
(Degr. C.) pectrum 
16° 400° 18° 540° Touts 540° Ae tek 
43.4 700 46.3 700 48 .6 760 48°7 770° 
60 780 62 800 63.2 850 69.5 930 
Tes = Agee 85 1080 ore 1060 84.2 1090 
uae Kesh 100 1200 | I00 1200 a. wes ee 
110-140 | 1330 128-C: Spectrum 120 Spectrum 
had not had not 
disap- disap- 
peared at peared at 
ie ori Bn 13007 C; 


The temperature of the oil bath in the last experiment in Series I 
varied from 110° at the bottom of the bath to 140° at the top. The 
beaker containing the oil was heated by a coil of manganin wire 
wound round its curved surface, and this method of heating was 
found to give different temperatures along the axis of the beaker. In 
ali subsequent experiments the oil bath was heated from below, and 
the large variations of temperature along the axis of the beaker were 
avoided. In the particular experiment considered, the vapor pressure 
of the iodine was deduced on the supposition that the temperature of 
the bulb was 110° C. In the first experiment, when the temperature 
of the bath was the ordinary temperature of the room, both heating 
coils were unnecessary. ‘The absorption lines were much weakened 
at 300° C., and finally disappeared at about 500° C. The tempera- 
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ture of the quartz tube was kept constant at 500°, while the oil bath 
was being heated to 40°. 

The iodine absorption lines made their appearance, and increased 
jn intensity as the vapor pressure of the iodine in the tube increased. 
When the temperature of the bath had reached 49° C., the current 
passing through the heating tube was increased, and the absorption 
spectrum observed. The intensity of the lines was found to diminish 
with increase of temperature, and at 680° C. was very faint. ‘The 
absorption spectrum finally disappeared at 760° C. On cooling from 
800° C. the spectrum reappeared at To C., and increased in intensity 
on further cooling. 

Similar experiments were carried out when the temperatures of 
the bath were 63.2, 81.2, 100.0, and 128°C. In the last case 
(pressure of iodine vapor being about 14 cm) very little light from 
the arc penetrated the iodine vapor until a temperature of goo° C, 
was reached. At this temperature a faint reddish light made its 
appearance on the slit, but no absorption spectrum could be seen. 
At rooo° C. the red end of the spectrum crossed by thick dark lines 
was observed, and when the temperature of the vapor had reached 
t100° C. the characteristic absorption spectrum of iodine, showing 
lines in red, yellow, green, and blue-green, made its appearance. 
On raising the temperature, the intensity of the absorption lines 
diminished, but at 1250°C., the highest temperature to which the 
iodine vapor was raised, there still remained a decided absorption 
spectrum. It was concluded from the appearance of the spectrum at 
1250° C. that the vapor would have to be heated above 1400° C. 
before the disappearance of the spectrum could be observed. 


THE ABSORPTION SPECTRUM OF A CONSTANT MASS OF IODINE VAPOR 


In the previous experiments, the pressure of the iodine in the quartz 
tube was deduced from the temperature of the bath, and the equation 
expressing the relation between the vapor pressure and temperature. 
In the following experiment the pressure of the vapor in the tube was 
variable, and the value of that pressure when the spectrum vanished 
was deduced from the gas law PV=R@. A known weight of iodine 
was placed in the quartz tube, which had been previously dried. 
The quartz tube was provided with a short side-tube, which was 
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connected to a Fleuss pump, and the apparatus was evacuated to 
a pressure of 2mm. ‘The side tube was sealed off in the oxyhydrogen 
flame. The silica tube containing the known weight of iodine was 
then fixed inside the furnace, and the behavior of the absorption lines 
with increase of temperature studied. ‘The lines were readily visible 
at tooo°® C., and also at 1100° C. In the latter case the intensity 
was less. When a temperature of 1225° C. was reached, the lines 
were very faint, and the absorption finally disappeared at 1280° C. 
If we make the .assumption that the iodine vapor is monatomic at 
this temperature, the pressure of the iodine vapor can be deduced 
from the equation 
ROM 

ee me 
where 

R=8.26 X10’, 

6=absolute temperature =1553°, 

V =volume of tube at temperature 06=24.3 cc, 

M=mass of vapor=o.oo15 grams, 

m=molecular weight of iodine =127.° 


The value of » deduced from the above equation is 4.73 cm. In 
the calculation the volume of the tube has been taken to be the same 
as the volume at ordinary temperatures. The coefficient of expansion 
of quartz is, however, very small, and the correction to be applied can 
be neglected in this calculation. The calculation shows that at a 
pressure of 4.73 cm the iodine absorption spectrum disappears at 
1280° C. On examining the results of the constant pressure experi- 
ments, it is found that the spectrum disappeared at 1200° C. when the 
temperature of the bath was 100° C. (pressure of iodine vapor 3.7 
cm), and at 1330° C. when the temperature of the bath was 110° C. 
(pressure of iodine vapor 6.17 cm). ‘The agreement between the 
results is good, considering the difficulty of making an exact estimate 
of the pressure in the experiment just described. 


EXPERIMENTS ON IODINE AT LOW PRESSURE 


When the iodine bulb is at the ordinary temperature of the room 
(vapor pressure being about 1.8 mm), the characteristic iodine 
spectrum is easily observed. The faint lines are not seen, but the 
stronger ones are easily recognized. It was therefore interesting to 
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estimate the smallest vapor pressure of the iodine that could be 
detected by its absorption spectrum. The bulb containing the iodine 
was immersed in a freezing mixture of ice and salt, whereby a tempera- 
ture of —22°C. was obtained. The vapor pressure of iodine cor- 
responding to this temperature was less than 0.003 mm, and the 
light from the positive pole of the arc after passing through the quartz 
tube showed no trace of absorption. On leaving the freezing mixture 
to stand in the atmosphere, its temperature gradually increased, 
and the absorption spectrum was observed from time to time. No - 
trace of absorption could be detected until the pressure of the iodine 
vapor in the tube was about 0.029 mm. ‘The temperature of the 
bulb was —1°C. Later another experiment was carried out with 
the same tube, and the same result was obtained. Finally a tube of 
two-thirds the capacity was employed, and a similar experiment 
performed. In this case the absorption spectrum could be detected 
when the temperature of the bulb had reached 1° C. ‘The pressure 
of the iodine vapor in the tube was about 0.036 mm. If- we 
assume that the iodine vapor in these experiments consists of diatomic 
molecules, it is possible to make an estimate of the minimum quantity 
of iodine that can be detected by its absorption spectrum. 
Let M =mass of iodine in a tube of volume V. 
Let m=molecular weight of iodine vapor. 


Then uate where R=8.26X107 and m=254. 


Experiments with First Tube 

V =31 cc, 9=290, p= .0000384 atmosphere. 

M=1256X1ome grams, 
Ex periments with Second Tube 

V =21.5 cc, 9=290, p=.000047 atmosphere. 

M=10.8X10~° grams, 

The above experiments show that a quantity of iodine of the 
order 12 X10~° grams can be detected by its absorption spectrum. 


DISCUSSION OF RESULTS 
The experimental results show that the disappearance of the 
absorption spectrum takes place at a higher temperature when the 
pressure is increased. It is therefore interesting to calculate the 
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degree of dissociation of the iodine vapor for each pressure and 
temperature, and thus determine the percentage of the iodine mole- 
cules dissociated when the absorption spectrum had disappeared. 
The results of the calculation are shown in the following table. 


Maxi- 
Percent-) mum 
Temperature age Percentage | Degree 
Temp. of Vapor a Jisso- | Dissocia- |of Disso- 
Bath in ieee Disappearance ciation tion ciation Remarks 
Degrees C. sant of (Meier (Victor Observ- 
Spectrum and Meyer) able by 
Crafts) Srectro- 
scope 
a ee 2S ee 
18°15 0.168 | s4oeC. a7 Lae 21% 
48.6 1.76 760 7° tions 85 
63.2 4.6 850 74 97 94 
at 840° 
Sf-2). 13.8 1060. 89 98 07.4 
at 1030° 
100 S502 | 1200 go oe 99.0 
IIO 61.7 1330 93 Cat 99.3 | Temperature of 
disappearance 
probably too low 
120 96.5 Spectrum 87 Pipe .... | Tube collapsed at 
: - had not 1380° C. 
disap- 
peared at 
I 300° 
128 137 Spectrum 80 oe .... | Hundreds of lines 
present at | present at 1250° 
1250° |. and tube would 
have to be heated 
to 1400° C. before 
| absorption would 
| vanish 
Weighed 47 1280° a Bas ee 99.2 
quantity of 
iodine in 
tube | 


The percentage of dissociation for each temperature of disappear- 
ance is found in the fourth column. These values were deduced from 
Planck’s equation, in which the constants a’ and 0’ were calculated 
from the vapor density determinations of Meier and Crafts. The 
vapor density of iodine has also. been investigated by Victor Meyer, 
and his results differed widely from those of Meier and Crafts. The 
percentage of dissociation at 840° C. and 1030° C., and under atmos- 
pheric pressure, can be readily deduced from his experimental results, 


I St 
Ae degree of dissociation 


; nN,” 
and from the relation a 
Ny (n, = © n,) 
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corresponding to any pressure can be calculated. The results of 
such a calculation are given in the fifth column. In the sixth column 
the degree of dissociation observable by the spectroscope has been 
calculated. In the calculation it was assumed that 12 107° grams 
of iodine in the diatomic state were always present when the spectrum 
disappeared. The above value was derived from the experiments 
previously described, and it is important to remember that it is only 
an estimate. Also the mass of J, necessary for detection may be a 
function of the temperature. In discussing the connection between 
the disappearance of the absorption spectrum and dissociation, it is 
advisable to leave out the first experiment, as the pressure of the iodine 
vapor in the tube was only + mm, and the quantity of iodine present 
in the tube at 500° C. was comparable with the amount that could be 
detected at the ordinary temperature. 

Confining our attention to the other results, it is seen that the 
temperature at which the absorption spectrum vanishes increases 
with the pressure, and the degree of dissociation at the vanishing 
point is always over 7o per cent. For the higher pressures the 
percentage of dissociation is above 90. Therefore, basing our cal- 
‘culations on the vapor density determinations of Meier and Crafts, 
it follows (for pressures above 3 cm) that the absorption spectrum 
disappears when more than go per cent of the J, molecules have been 
dissociated. On the other hand, the values of the dissociation cal- 
culated from the vapor density determinations of Victor Meyer seem 
to show that the iodine absorption spectrum vanishes when practically 
all the molecules are dissociated. 

Friederichs gave the following explanation of the disappearance 
of the absorption bands. ‘The bands were ascribed to the molecules 
Z,, and the absorption spectrum vanished when the emission accom- 
panying dissociation and recombination was balanced by the absorp- 
tion of the molecules still in the diatomic state. This hypothesis 
may possibly explain all the experimental results, if we admit that 
the emission from the heated iodine vapor can balance the ab- 
sorption of the light emitted by the positive pole of the arc. It 
seems natural to ascribe the absorption bands to the diatomic mole- 
cules, for the spectrum is always present when the iodine vapor is in 
the undissociated state. On heating the vapor to a high temperature 
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no new absorption spectrum appeared. It therefore follows that 
the monatomic iodine molecule must either be colorless, or give the 
same absorption spectrum as the diatomic molecule, unless it is 
assumed that its absorption is balanced by a corresponding emission 
at all temperatures and pressures. ‘The latter assumption is improb- 
able. 

The results obtained in the present research may be explained on 
the assumption that. the monatomic iodine molecule shows no absorp- 
tion in the region of the visible spectrum. If this hypothesis be true, 
the absorption spectrum should vanish when practically all the J, 
molecules had been dissociated. The values of the dissociation 
calculated from the results of Meier and Crafts bear out this explana- 
tion to a certain extent, for high values of the dissociation accompany 
the vanishing of the absorption spectrum. If the values calculated 
from the vapor density determinations of Victor Meyer are accepted, 
the hypothesis and experimental results agree as well as could be 
expected. It is difficult to decide between the vapor density values, 
for both sets of results were obtained with a Victor Meyer apparatus, 
which is not suitable for determining the vapor density of dissociating 
substances. Assuming that in the present experiments the tempera- 
ture of disappearance of the absorption lines has been estimated 
60° C. too low, the degree of the dissociation of the vapor calculated 
on the basis of Meier and Crafts’s results would still be below 95 per 
cent. As an illustration, the case of iodine vapor at a pressure of 
T3.6 mm will be considered. If it be assumed that the spectrum 
vanished at 1120° C. instead of 1060° C. the calculated degree of 
dissociation would be g3 per cent. 

In attempting an explanation of the vanishing of the absorption 
spectrum, it is obviously necessary to take into account the existence 
of the emission spectrum, especially as both spectra consist of lines 
having identical wave-lengths. A few experiments were made to 
see whether the emission spectrum could be detected with the appa- 
ratus employed. ‘The light emitted by the furnace at a temperature 
of 850° (when the pressure of iodine vapor in the silica tube was 
©.46 cm) was examined visually, and no trace of a banded emission 
spectrum could be seen. Also the light emitted by the furnace made 
scarcely any impression on a photographic film placed at the focus 
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of the grating, after an exposure of 4o minutes. It is important to 
note that the iodine vapor under the above conditions gave no absorp- 
tion spectrum. A photograph of the absorption spectrum after an 
exposure of twenty minutes was obtained on the same film, when the 
temperature of the iodine vapor was lower. Several attempts were 
made to detect the emission spectrum of the iodine vapor at different 
temperatures (600° to 1200°), but in every case no trace of a banded 
emission spectrum could be seen. The experimental arrangement 
was not suitable for the observation of the emission spectrum, as the 
ends of the silica tube were curved, and the distance of the focusing 
lens L, from the middle of the tube was about 80 cm. Only a very 
small fraction ofthe light emitted by the iodine vapor would be con- 
centrated on the slit of the concave grating. 

Again, if the emission is assumed to be a true temperature emission, 
the banded emission spectrum of the heated vapor would be very 
difficult to detect. The silica tube and the iodine vapor inside 
were heated to a nearly uniform temperature, and the radiation from 
the interior would correspond to that of a black body at the same 
temperature. It would therefore be difficult to account for the dis- 
appearance of the*absorption spectrum, unless it was assumed that 
the J, molecule gave no absorption within the limits of the visible 
spectrum. 

Konen investigated the effect of temperature on the emission 
spectrum of iodine vapor, and found that the emission at first increased 
with rise of temperature, then became constant, and finally diminished. 
If the 7, molecule be regarded as contributing nothing to the emission 
spectrum, it may be possible to account for the maximum observed by 
Konen, on the assumption that the emission spectrum is due to the 
I, molecule, and is a true temperature emission following Kirchhoff’s 
law. With increase of temperature the number of J, molecules 
emitting light diminishes, but the amount of light emitted by a given 
number of J, molecules increases, and the maximum in the emission 
spectrum would occur when the diminution in the emission due to 
dissociation was balanced by the increase due to rise of temperature. 
A maximum would also be expected if the emission spectrum be due 
to the dissociation and recombination of the iodine molecules. It is 
difficult to determine when the maximum should occur, because the 
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intensity of the light emitted by a given number of molecules during 
the act of dissociation and recombination may be a function of the 
temperature. 

The experimental results given in this paper show that the tempera- 
ture of disappearance of the absorption spectrum increased with 
increase of pressure of the iodine vapor. On the assumption that the 
disappearance is due to the formation of colorless J, molecules, the 
explanation is simple, for increase of pressure at constant temperature 
diminishes the percentage of dissociation. The number of J, 
molecules present when the pressure is increased is sufficient to 
show the characteristic iodine absorption spectrum, and to cause the 
disappearance of the absorption a higher temperature is necessary. 
If the iodine emission spectrum be due to temperature alone, it is 
difficult to account for the experimental result, on the assumption 
that the emission balances the absorption. ‘The laws of temperature- 
radiation show that the ratio of the emissive power to the absorptive 
power is a function of the temperature and the wave-length. It 
therefore follows that if the emission balances the absorption at any 
temperature, the balance should not be disturbed when the pressure 
is increased, as long as the temperature is kept constant. In addition, 
it is difficult to see how the emission spectrum of iodine vapor at 
t200° C. could ever balance the absorption spectrum obtained by 
passing the light from the positive pole of the electric arc through 
the heated vapor. On the assumption that the emission spectrum 
of iodine is not a true temperature emission, it is difficult to test the 
hypothesis which regards the disappearance of the absorption spec- 
trum as being due to the presence of a compensating emission spec- 
trum. From results already achieved, the effect of temperature on 
the bromine absorption spectrum appears to be similar to its effect on 
iodine. 

SUMMARY OF RESULTS 

a) The absorption spectrum of iodine disappears at high tempera- 
tures, and the temperature of disappearance increases as the pressure 
is increased. 

b) The degree of dissociation of the vapor when the absorption 
spectrum vanishes is high. The values calculated from the vapér 
density determinations of Victor Meyer show that the absorption 
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spectrum vanishes when nearly all the diatomic molecules are dis- 
sociated into monatomic molecules. On the other hand, the values 
of the degree of dissociation calculated from the vapor density deter- 
minations of Meier and Crafts show that from 80 to 93 per cent of 
_ the diatomic molecules are dissociated when the absorption spec- 
trum disappears. 

c) It may be possible to. account for the disappearance of the 
absorption spectrum, on the assumption that the monatomic molecules 
produced by dissociation show no absorption within the limits of the 
visual spectrum. ‘The vapor density determinations in the case of 
iodine are probably inaccurate, and it is difficult to test the hypothesis 
quantitatively. As 

d) It appears impossible to account for the disappearance of the 
absorption spectrum on the assumption that it is balanced by a 
corresponding emission spectrum, if it is assumed that the emission 
is a true temperature emission. 

I am indebted to Professor Schuster for the interest he has taken 
in the work, and also to Professor Rutherford for providing the 
necessary facilities to carry it out. 
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THE MOON’S THEORETICAL SPECTROGRAPHIC 
VELOCTLY 


By KURT LAVES 


The moon’s theoretical spectrographic velocity in the line of sight 
is obtained by astrophysicists by using Professor Campbell’s method 
of computation.t The interpolation between the Nautical Almanac 
values is somewhat cumbersome and in the majority of cases the 
accuracy of the theoretical values obtained is greatly in advance of 
that of the observed values. This paper aims at a reduction of the 
labor of computation by proposing the use of some short tables 
which are computed for this purpose. These tables are based upon 
the elliptical values of the elements of moon and earth. This, at 
first sight, will perhaps appear as a step in the wrong direction, since 
it is likely that the observed value of the moon’s spectrographic 
velocity before many years will be accurate to o.o1r km. Such 
an advance is not yet at hand instrumentally,” and, if it were, the 
values obtained by means of these tables would be of advantage 
as a check on the results obtained by Campbell’s procedure. In the 
majority of cases the velocity computed by means of these tables 
will prove to be of sufficient accuracy. In order that the accuracy 
be tested, an inquiry into the effects of the perturbative terms has 
been made and the results are embodied in this paper. 

1. Poincaré,’ in discussing the spectroscopic observations of 
Jupiter by Deslandres, has given the fundamental equation upon 
which rests the computation of the velocity in the line of sight of the 
moon or any planet. Let S, E, M represent the positions of sun, 
earth, and moon, and call the distance SE=D,, ME=D,, and 
SM=A. A luminous vibration of period 7 leaves the sun’s surface 
t+ A+ D, 


at the time ¢; it will reach the earth at the time ames where 


V’ is the velocity of light. The next vibration will leave the sun’s 


t See paper of Professor Campbell in this Journal, 11, 141-143, 1900. 
2 See note by Professor Frost in the May number, p. 377. 
3 Comptes Rendus, 120, 420, 1895. 
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surface at the time ¢+7 and will strike the earth’s surface at the time 
( iNeed De 


A+D 
t ack i 2 
Sty gb 7 


ai ava] - 7. Theapparent period of the vibration 


dd | dD,\ 


will therefore be (aera ) - 7. Calling E the angle at the earth 


between D, and D,, and o the parallactic angle at S, we have 
A?=D),?+D,?—2D,D, cosE. (1) 
From this equation we obtain: 
JAR DS aD: dD, : fie 
STE ee are [1 —cos (E+o)]+D, - qm (E+c). (2) 
The velocity in the line of sight V, due to the orbital motion of 
moon and earth, is given by the right-hand expression of the last 
equation. Campbell uses the following notation: 


a a; = 
ie = pe aoe E=V, 
aD, _ Ns oe aa (3) 
—=V, D, - S+sin E=V, | 
—vUqg=component of V due to the earth’s rotation. 


Using this notation, we have: 
V+vug=V,coso+V,+V, -coso+V, sin Esn o+V, + coso+ 
(4) 


Dae eee 
dt 


. By putting sin e=o and cos «=1, Campbell obtains: 
Viera ety 9 ta eae es (5) 
While the approximation cos «=1 introduces in V, cos o an error of 


the order 3.10~° km, we find that the neglect of ies cos E sin a 
may introduce an error of the order 7.10~3km. It is desirable on 
this account to retain H+o in the computation of V. Since we have 
Dre pasitgs. 
D, sin (E+c)’ 
we derive from it a value of o by the formula: 


tan GPR ene (6) 


then 018 
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where 7 is the horizontal equatorial parallax of the sun and 7, 
that of the moon. For an accurate determination of V+v, we com- 
pute V, and V, from the formulae: 


: dD, 

Barro. 2s (E+¢) | 
7) 

V.=D - sin (E+¢c) 


We next proceed to derive the values for V,, V,, V,, V, on the 
assumption that the elliptic values of the elements of the orbits of 
moon and earth give a sufficient approximation. From the polar 


equation of the ellipse 


oe 
I+ecosv’ 
we obtain readily: 
dp tS A 
eee -esnv, | (8) 


C : 
where K aT c being the constant of areas, p the parameter of the 


ellipse. 
Similarly it follows that: 
rdv Kp. 
oat =K(i+e cos v)= * sin 7, (9) 


where p, is the equatorial radius of the earth. The true anomaly 
of the earth is connected with the longitude 4 of the sun by the equa- 
tion 
v=A-7, 

where 7 is the longitude of the sun when the earth is at the perihelion. 

Since the Nautical Almanac gives A for every day, it proved to be 
preferable to compute V, for the argument 4. Table A gives V,, 
from 5° to 5° for the entire circumference. In the case of the moon, 
it is best to compute V, and V, by using the parallax as an argument. 
Since V, contains the lateral component of the moon’s velocity 
relatively to the sun, we have to apply a correction to the absolute 
lateral component, as given by formula (9g). This correction may 
be considered a constant, from the following consideration. In the 
spherical triangle formed by the sun, the moon, and the ascending 
node of the moon’s orbit on the ecliptic, we have: 

cos E=cos B, cos (A,—A). 
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By differentiation we get 
—xX 
D, sin jee =D, sin (A,—A) cos 8, oe 


dt 
D, sin B, cos (A, ye 


Be 
(10) 


Since we do not retain terms which are smaller than o.o1 km, it 
follows that the second term of the right-hand member can be 
neglected. From the first equation we have 


cos B, sin (A, —A) =sin praee 


Again, the term under the radical can be put equal to unity, for the 
reason quoted above. Thus we obtain 
dE d(X,—2) 


V,=D, sin ors Da Tages (11) 


We find that D, ee is practically a constant and equal to 0.089 km, 
t 


2d, 


so that D, can be obtained by diminishing by 0.09 km. 


It will be granted that the computation of the component velocities 
V,, V., V;, V, is made very rapid by the use of the columns in 
Tables A and B. 

2. We next proceed to show to what extent the perturbative terms 
will change the elliptical values of the component velocities. The 
perturbation of the radius vector of the earth’s orbit is less than 
o.0000400 of its value,t so that we may entirely disregard the per- 
turbations in V,. In the case of the moon, conditions are quite 
different; it will be seen from what follows that certain terms will 
reach a value of o.or km. Taking into account only terms of the 
first and second order in the expression of the radius vector D,, 
we have:? 

I k?(m,+m,), 

= ‘y 


tal ee — $k? —4m?+e, cos (cA, —a) —}k? cos 2(gA,—y) 


+m? cos [(2—2m)A,—2B8]| ) (12) 
+15m +e, + cos[(2—2m—c)rA,—2B8 +a] 
+higher terms} 

t Annales de l’observatoire impériale de Paris, 4, sec. 6, Table III. 


2 See, for instance, H. Godfrey, An Elementary Treatise of the Lunar Theory, 
London, 1871 
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The quantities appearing on the right side have the following mean- 
ing: 

k? = Gauss’s constant 

m,, M,=masses of earth and moon 

c,=constant of integration in the equation 


dX : 
(D. az) =c,2+2{T + D,3dd 


where 7’ is that component of the perturbative force which lies in 
the plane of the orbit and is at right angles to D. 


k=tan J, where J is the inclination of the moon’s orbit to the ecliptic, 

€, =the eccentricity of the moon’s orbit, 

m=the ratio of the mean motions of moon and sun, in longitude, 

a, y=the moon’s longitudes of the apse and of the node, 

=the sun’s longitude at the time t=o, 

c, g=quantities, which differ from unity by a small quantity of the 
first order. 


I me, 
From the expression for p, we obtain by differentiation: 


BAEK oosih Moe sin (A, —y) +2m? sin [(2—2m)A, — 28] 


dt 


(13) 
+15me, sin [(2-2m—c)A,—2B+a]+ .. .} 

K, expressed in kilometers is 1.024km; the elliptic term K,e, 

sin (A,—@) will im maximo amount too.o6km. For anapproximate 

estimate of the coefficients of the second-order terms we put m=+',, 

€,=y5, k=7'5 and oe: 


— Be sin (A, —a)—o. sin (A, Been re or sin [(2—2m)A, —2f] 

~ (14) 
+o0.02 sin [(1—2m)A,—28+a]+ 

While the reduction-term is entirely negligible we see that both the 

variation and the evection terms will affect the second decimal place 

of the radial velocity. The lateral component of the moon’s motion 


2 


ers 


enters into the components V,. To obtain D, we start from 


the equation 


dy, a daa Be 
Darn cA —dx, a (15) 


The expression under the square-root sign is to be given as a trigono- 
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metric series, and after that it is tobe multiplied by the series for 


aa as given above. Limiting our attention to the terms not higher 


than the second, it can be shown that we obtain: 


r 
pZ *=K,{1— $k? —4m? +e, cos (A, —a) — $k? cos 2(A,—y) + 

dt (16) 
im? cos [(2—2m)A, —2B8]+4,5me, cos [(2-2m—c)A,—2B+a] +.. .} 

TABUESA 

r r r r 

Long. of V; Long. of V; Long. of Vy Long. of Vy 
Sun Sun Sun Sun 


| 


| 
> 
3 
= 
3 
Aa 
5 


o° | +0.49 95 +0.05 1655 ges OnGO 275) aly Peoeets 
5 a 5o 100 =P. O1 190 ean Cl) 280 a 
10 + 60 105 O38 195 —*.50 285 + .03 
15 eo IIO = 508 200 —=ae49 290 +" 705 
20 nor ke) II5 Sohal > 205 = AO 2905 pee 
25 + .49 120 — ear 210 ey 300 + .16 
30 + .47 125 3,20 ahs 40 305 + ee 
35 + .46 130 — ,24 220 — 44 310 + .24 
40 “a 44 125 mera 225 eA 315 —Fieee 
45 re A 140 at | 230 er 30 320 “ree 
50 | + .39 || 45 | — .35 || 235 3 2-230") 325 Si 
55°.| + -30)) 150 “1° .38. || 240 |) 33 |) 330s 
6o | + .33-} 155 | —).40 1) 245 | — (305) 3325s 
65 5230 160 Ae 250 = 7,20 340 Seer 
7o | + .26 || 165° | — .45 || 255° | — .22°)) 345 
75 = eee 170 ey 260 etek te, 350 ym Lh 
80 Sa eke Ls = AS 265 cee: 355 + 48 
85 a pteoad 180 40 270 ato 360 + +49 
go ae ee: 


Assuming the values above we obtain: 


d m 
eae yp 17024 +0-051 cos (A, —a) 
—0o0.008—o0.o001 cos (A, —y)+0-.010 cos [(2—2m) A,—26] (17) 


+o.012 cos [(1—2m)A,—2B+a]4+ .. 

The terms in the first line of the right-hand member give the 
elliptic values, while the terms in the line below show the perturba- 
tive terms. A glance at (15) and (17) will at once show whether or 
not it will be desirable to substitute the short method proposed in this 
paper for the more lengthy interpolation used exclusively heretofore. 
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Tables A and B here appended will furnish directly V,, V,, and 


yee When we multiply —V, by cos E and De by sin £, the 
values of V,; and V, are obtained. 
TABLE B 
Moon’s Z dd, dE Moon’s dn, dE 
Parallax Ve Day Diz, Parallax Vo Day 2th 
km km 

Basco) 0.0L 170.070, |.0.88 Bt 20m Or OO meni O25 at O04 
ine) .O1 972 88 30 .06 030 04 
20 .02 975 89 40 .06 033 94 
30 -03 977 | 89 50 -06 036 | 95 
40 03 980 89 58’ o .05 039 95 
50 .O4 984 go ife) 05 042 95 

hee Te" 04 986 go 20 .05 045 96 
Ke) 04 988 go 30 Ta) 047 96 
12 04 9gI go 40 .05 050 96 
30 -O5 994 | 91 50 -O5 053 | 96 
40 -O5 997 | 91 59’ 0 05 056 | 97 
50 EGS AF 2000 QI se) .O4 059 97 

56’ o 05 003 QI 20 .O4 062 97 
if) 05 007 Q2 30 .O4 065 98 
20 05 O10 92 40 .03 068 98 
30 06 O12 Q2 50 (03 O71 98 
40 .06 O15 93 60/ o wee: O75 99 
50 .06 o18 93 10 02 078 99 

(4 ite .06 O21 93 20 Ol 1.081 | 0.99 
ie) 06 2 025 94 


If the moon’s parallax is decreasing, V. is positive; if the moon’s parallax is 


increasing, V2 is negative. 


Example..—To compute V of the moon for 1900, January 9, 
4> 30™ Mt. Hamilton sidereal time, by both methods: 


Campbell 
V,=+0.06 km 
V,=+0.04 
V,=+0.02 
V,=+0.86 

NY +o. 16 
V =+1.14km 


Measures of a spectrogram for the observed time gave, as the mean 


observed velocity, +1.46 km. 


t Astrophysical Journal, 11, 143, 1900. 


OBSERVATIONS OF THE SUN ON MAY 18 AND 109, 1910 
By FREDERICK SLOCUM 


For comparison with the observations of the sun made in the 
eastern hemisphere during the transit of the head of Halley’s comet, 
and in connection with the auroras, and other terrestrial magnetic 
phenomena seen in various places on May 18 and 19, it seems worth 
while to put on record the following observations of the sun. 

Plate I, Figs. 1 and 2, are direct photographs of the sun taken with 
the 4o-inch refractor (stopped down to aperture of 5 inches=13 cm), 
May 18 and 19, 1910. The most conspicuous feature on the sun is 
the group of spots near the center of the disk, an enlarged view of 
which on May 18 is shown on Fig. 2, Plate II. Fig. 1, Plate II, 
shows the same region as photographed with the Rumford spectro- 
heliograph in the light of the H, line of calcium on the same date. 

This group developed some time between April 28 and May 11 - 
on the invisible side of the sun. The leader spot, A, of the group 
was first brought into view by rotation on May 12, and the follower, 
B, appeared the next day. On May 14, A seemed much larger than 
B, but both were still so foreshortened that a study of details was 
difficult. When next seen, on May 18, A had diminished in size, 
while B had greatly increased. The statistics in the following table 
were obtained from a plate exposed on May 18 at 8" 42™ G.M.T. 

Length of group of spots 310,000 km. 

Length of area of calcium flocculi 360,000 km. 

Spot A: Latitude —10%9. Longitude 64°. 
Umbra: Length 12,000 km, width 8000 km. 
Penumbra: Length 30,000 km, width 16,000 km. 

Spot B: Latitude —11r°2. Longitude 52°s. ; 

Umbra (triple): Extreme length 30,000 km, width 16,o00 km. 
Penumbra: Length 50,000 km, width 38,000 km. 


A comparison of the direct photographs of the 18th and t1gth 
shows considerable activity. Changes in the location and number of 
small spots, and changes in the arrangement and intensity of the 
bridges in the large spots may be seen. The calcium spectrohelio- 
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PHOTOGRAPH OF THE SUN, 


PLAT 1 


May 18, IgIo, AT 108 34m G.M.T. TAKEN 
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SUN-SPOTS ON May 18, Igto 


1. Spectroheliogram Taken with Calcium Line H, at 8 28m G.M.T. 
2. Direct Photograph Taken at 10h 34m G.M.T. 


Scale: Sun’s Diameter = 37 cm 
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grams show conspicuous changes in the arrangement of the flocculi 
and in the distribution of the eruptive jets. There are two chief 
scenes of activity: one, a small area south of spot A, the other, an 
area extending from B, 5° toward the east and 2° toward the south; 
that is, between B and the group of small spots which follows ‘it. 
In this latter area no less than 12 eruptions can be counted on the 
negative taken at 88 26™7, May 18. The largest of these is about 
20,000 km S.E. of the S.E. edge of spot B. It has an apparent 
diameter of 6000 km, but is partly covered by a long, narrow cloud, 
which appears to rise from a point near the heavy bridge of spot B 
and extend off toward the S.E. There is no trace of this eruption or 
the cloud on a plate taken 16 minutes later. The center of this 
region of activity crossed the central meridian of the sun May to, 
7h G.M.T., spot A crossed at 2"5, May 18, and spot B at about 
noon, May ro. 

A direct photograph of the spectrum from A 3920 to A 3980, 
taken May 18, 9", with the slit across spot B, shows the reversed 
H and K lines considerably distorted, indicating active vertical cur- 
rents, especially in the region east of B. 

Two other spot groups appear on the plates of these two dates: 
one near the west edge, in latitude —16°, longitude 130°; the other, 
a pair of very small spots, just appearing around the east limb in 
latitude — 20°, longitude 340°. The preceding spot of this pair is 
not visible on the engraving (Plate I, Fig. 2), having been lost in the 
process of reproduction. 

The prominence plates show only ordinary conditions. On 
May 18 at 5 56™ there were fifteen prominences, but none of unusual 
size or intensity. The largest extended from 30° to 47° in position- 
angle, and rose to a height of 40’. The prominences of May 19 
were somewhat fewer and smaller. 
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ON’ SOME METHODS AND RESULTS IN] DEG 
PHOTOGRAPHY WITH THE 60-INCH REFLECTING 
TELESCOPE OF THE MOUNT™ WILSON 3G 
OBSERVATORY? 

By G. W. RITCHEY 


After the figuring of the 60-inch mirror was completed in 1907, 
experiments were carried on in the optical shop, to determine how 
large a daily variation of temperature is permissible without seriously 
affecting the figure of so large and thick a mirror. The temperature 
in the optical shop can be controlled at will, so it was possible to con- 
‘duct these experiments with any daily variation desired, from o° to 
1o° F. In general, the temperature of the room was allowed to rise 
slowly, and approximately uniformly, for 12 hours, and then to fall 
the same amount during an equal period, close watch being kept of. 
the resulting changes of figure throughout the day and night. The 
most marked effect was a decided disturbance of the figure of the outer 
zones of the surface for a distance of 34 or 4 inches (10 cm) in from 
the edge, these zones turning forward, or becoming too high, as the 
temperature rose, and receding, and even becoming too low, as the 
temperature fell. The figure of the remaining zones of the surface 
was only very slightly affected, and the change of focal length was small. 
A daily variation of 1° F. caused a disturbance of the edge zones 
easily perceptible with the usual optical tests. It was decided, as a 
final result of these experiments, that a daily variation of the large 
mirror of 2° F., of the character described earlier in this paragraph, 
is the maximum variation which can be allowed without perceptible 
injury to the sharpness of photographic star-images. 

Until July 1, 1909, the 60-inch reflector was used with its dome 
unprotected by the white canvas sun-shield for which provision had 
been made in the design and construction. The daily variation of 
temperature in the unprotected dome in clear weather in the latter 
half of June averaged 20° F. This large daily change of course 
affected very seriously the figure of the mirrors; in addition, the 

* Contributions from the Mount Wilson Solar Observatory, No. 47. 
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expansion and contraction of the steel skeleton tube was such that 
the apparent change of focal length at the Newtonian focus during 
the night frequently amounted to 0.04 inch (1.0mm). This change 
was evidently due almost entirely to the contraction of the tube, since 
the plate-holder had to be moved oud to follow the apparent change 
of focus, and the amount of change agreed approximately with that 
resulting from the temperature coefficient of steel. . 

Early in July the sun-shield was put in place on the dome. As 
described in a former article,’ this shield consists of gores of heavy 
white canvas laced to a strong framework of steel pipe. The canvas 
is thus held at a distance of about two feet from the sheet-steel covering 
of the dome; provision being made for free circulation of air beneath 
the canvas. With this protection, the daily variation of temperature 
in the dome decreased to 10° F. in July, and the apparent change of 
focus during the night decreased to 0.02 inch (0.5 mm). 

In addition to the protection of the entire dome from large tempera- 
ture changes by means of the canvas sun-shield, it was originally 
planned to hold the large mirror during the day at the expected night 
temperature by means of a removable insulating jacket inclosing 
the lower end of the telescope tube; through the hollow walls of this 
jacket was to be circulated air or water cooled by a small refrigerating 
apparatus and controlled by a thermostat. 

When we came actually to design this jacket, several serious 
difficulties and objections were encountered. Chief among these was 
the danger of local or unsymmetrical cooling of the mirror, because 
the forms of the adjacent metal parts are such that the jacket could 
not be perfectly symmetrical in form. ‘This led to the adoption of a 
simpler and more economical plan which has proved so effective in 
preventing injurious changes of figure of the large mirror, and in 
reducing the apparent change of focus during the night, that it merits 
a somewhat detailed description. } 

A light removable room or chamber with insulating walls was 
constructed to inclose the telescope during the day. This chamber 
we call the “canopy.” It is rectangular, 15 feet (4.6m) high, 15 
feet long (north and south), and 11 feet (3.4m) wide, and weighs 


t Contributions from the Mount Wilson Solar Observatory, No. 36; Astrophysical 
Journal, 29, 198, 1909. 
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about 500 pounds (227 kilos). The top, side, and end walls each 
consists of four thicknesses of fine woolen blankets quilted between 
covers of white canvas. The floor of the canopy consists of mats 
2 inches (5 cm) thick, made of cheap: woven hair sewed between 
covers of heavy canvas. These lie on the checkered-steel floor of the 
dome, and fit closely against the telescope mounting. 

The flat top of the canopy is stretched over a strong rectangular 
frame of wood; the side and end walls hang vertically like heavy flat 
curtains, with air-tight connection down the four vertical edges. Near 
the top of the south wall is an octagonal opening six feet across 
through which the upper end of the skeleton tube of the telescope 
projects when the canopy is in place over the instruments; this open- 
ing is then closed air-tight by a folding wooden cover lined with wool- 
felt. Below this opening is a central vertical slit which enables the 
canopy to be opened wide at this end and drawn off from the telescope 
toward the north. 

The canopy is suspended from above by two small wire ropes which 
are connected to the top wooden frame of the canopy and to the main 
girders of the dome. A third wire rope passing over pulleys and a 
windlass enables the operator quickly to draw the canopy up against 
the wall of the dome to a position opposite the shutter opening, 
where it is entirely out of the way of the telescope in all working 
positions, and where it amply clears all apparatus on the operating 
floor. 

At the end of the night’s observing—usually at dawn—the canopy 
is lowered over the telescope and quickly made air-tight. With this 
protection the daily variation of temperature inside the canopy in 
clear weather in August and September was only 3°8F., and the 
apparent change of focal length during the night was frequently as small 
as 0.005 inch (0.127 mm), occasionally, however, being as large as 
0.009 inch (o. 229 mm) when the drop in the outer temperature during 
the night was unusually large. 

The large mirror itself is still further protected by the short, mas- 
sive cast-iron tube which carries it, and within which it is again 
inclosed air-tight during the day by the covers which are put on to 
protect the silver surfaces. 

Two improvements should be made in the use of the canopy. 
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First, a very small refrigerating apparatus, controlled by a thermostat, 
should be installed to supply cooled air to the canopy during the day 
in order to prevent the small residual rise of temperature of 3°8 F.; 
for the effect of even this small change on the figure of the edge zones 
of the mirror is perceptible when the usual optical tests are used on 
a star. Second, the canopy should be extended to include the upper 
end of the skeleton tube and the small mirror which is carried there. 
I hope to find a simple and convenient method of doing this when 
the refrigerating apparatus is installed. 

In designing the too-inch Hooker telescope we have planned for 
a room with insulating walls to inclose the entire telescope during the 
day, in which the temperature can be under perfect control. 

Before the canopy was in use, the large apparent change of focal 
length during the night called my attention sharply to the necessity of 
refocusing frequently during long exposures. Several methods were 
thoroughly tried, including the one used by Professor Keeler, in which 
the form of the diffraction pattern of the image of the guide-star 
serves as a criterion of the best focus. This method has the advantage 
that the guide-star is constantly under observation during the exposure, 
but in my experience it is not possible by this method to be sure of 
apparent focal changes smaller than 0.005 inch (0.127 mm) even when 
the atmospheric definition is good; while with moderate definition 
the form of the diffraction pattern is no longer sharply defined, and 
_ the method entirely fails. 

. The method of focusing and refocusing finally adopted is by means | 
of the “knife-edge”’ used in testing optical surfaces. An extremely 
thin sharp edge, like that of a hollow-ground razor, is moved across 
the cone of light from a star, near the plane of the focus; the eye, 
without an eyepiece, is placed just outside the focus, so that the 
cone of light is received through the pupil and the entire surface of 
the mirror is seen illuminated. If the plane of the knife-edge is inside 
the plane of the focus, the illuminated mirror will be seen to darken 
first on the same side as that from which the knife-edge advances 
across the cone; if the knife-edge is outside the plane of focus, the 
mirror will be seen to darken first on the side opposite that from which 
the knife-edge advances; when the knife-edge is exactly in the plane 
of the focus, the mirror will be seen to darken uniformly all over. 
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With the 60- sich mirror a tenth-magnitude star is sufficiently bright 
for the purpose. 

With a telescope of great angular aperture such as the 60-inch 
reflector, in which the ratio is as 1 to 5, this method permits a degree 
of accuracy of focusing which is surprising. When the atmospheric 
definition is at any point above 5 on a scale of Io, it is possible to 
locate the focal plane to within o.oo1 inch (0.025 mm). With the 
large plate-carrier taking 64 84 inch (16.5 21.6 cm) plates, which 
was used during the summer and fall of 1909, we could not be sure 
that the plane of the film of the photographic plate agreed with the 
plane of the knife-edge within 0.001 inch. A new plate-carrier was 
designed in which the two planes just mentioned certainly agree always 
within 0.0003 inch (0.0076mm), and which embodies all of the 
improvements which have been suggested by the past year’s experience; 
this apparatus is now in use. 

Before describing the new plate-carrier, I wish to call attention 
to the following table which shows, for slight errors in focus, the 
theoretical loss in magnitudes per unit area in the cross-section of 
the luminous cone where it intersects the sensitive film. As shown 
by the table this loss is so great that the surface-intensity must cer- 
tainly he below the threshhold value for large numbers of faint stars 
which under conditions of perfect focus would still be impressed on 
the photographic plate. The results are based upon the following 
constants of the instrument: aperture, 60 inches (152.4 cm); ratio 
of aperture to focal length, 4; scale, 1 mm in focal. plane= 2772; 
theoretical diameter of diffraction disk of star (photographic), 07074. 


Error in Focus Dunes ot Cone Diltcte ot Cone in Magnieuae 
inch mm mm 
0.001 =0.025 0.005 =0°136 o%2I10 Zao 
2=0.050 0.010=0.272 0.346 Efe 
3=0.075 0.015 =0.408 0.482 4.07 
4 =0-100 0.020=0.544 0.618 4.60 
0.005 =0.125 0.025 =0.680 0.754 5-04 


While atmospheric conditions seldom or never permit the theoretical 
condition corresponding to perfect focus to be realized, still the table 
shows the enormous importance of the utmost attainable accuracy of 
focusing when we are dealing with large angular apertures. 
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PLATE III 


NEW PHOTOGRAPHIC PLATE-CARRIER OF THE 60-INCH REFLECTOR 
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The new plate-carrier is illustrated in Plate III. It takes plates 
34 inches (89 mm) square. This small size is chosen because it allows 
the guiding eyepiece to be near the center of the field. It includes 
a clear field about 36 minutes of arc square, and fully covers all of the 
central region which is free from objectionable distortion. 

A second guiding eyepiece is also used, the two being on opposite 
sides of the center. Each gives a magnification of about 750 diameters. 
This allows any slight rotation of the field to be detected immediately ; 
such rotation is corrected by rotating the bronze plate which carries 
the guiding eyepieces and plate-holder; two fine screws with graduated 
heads are provided for effecting this rotation. 

The small metal plate-holder, which is shown in place on the 
apparatus, is so designed that it can be quickly removed and replaced 
as frequently as desired during long exposures, thus allowing access 
to the focal plane for the purpose of refocusing by means of the knife- 
edge. ‘The position of the plate-holder is defined by small hardened 
steel surfaces so that when replaced it returns accurately to its original 
position with reference to the guiding eyepieces. With the small 
apparent change of focus which takes place since the canopy has been 
in use, it is found that refocusing every 25 or 30 minutes in the early 
part of the night, and every 4o or 45 minutes after 11:00 P.M., is usually 
sufficient. 

With the new plate-carrier, all of the uncertainties which usually 
occur in making long exposures with very large telescopes are elimi- 
nated. <A plate can be exposed night after night, if desired, with 
the assurance that no error in focus greater than one or two thousandths 
of an inch can occur, and that no rotation of field can take place 
without immediately being detected and corrected. Both of these con- 
ditions are absolutely necessary for the finest results with an instru- 
ment so powerful and sensitive as the 60-inch. With these conditions 
no injury or elongation of the star-images or nebular details can occur 
and the full effect of the prolonged exposure is secured. All of the 
negatives which have been secured with the new plate-carrier show 
perfectly round star-images. On the best of these negatives, with 
exposures of eleven hours, the smallest star-images are 1703 in 
diameter. 

As a further aid to photographic definition and resolution I have 
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abandoned the use of rapid plates on account of their coarse grain; 
and am at present using Seed “23” plates almost exclusively. These 
are about half as rapid as Seed “27” and-Cramer “Crown” and 
about one-fourth as rapid as Lumiere “Sigma” plates. In the 
brands of plates named the size of grain is approximately proportional 
to the speed, and the photographic resolution is roughly in inverse 
ratio to the size of grain. 

With the instrumental refinements which have been described, 
and with the fine-grained plates, photographs of such objects as the 
globular star-clusters and the spiral nebulae are revelations. ‘The 
globular clusters Messier 3, Messier 13, and Messier 15 are shown 
to consist of scores of thousands of stars, instead of thousands, and 
the angular diameters of these clusters are shown to be at least three 
times as great as they appear visually in the largest refractors. 

Still more remarkable is the structure shown in the spiral nebulae. 
With fine atmospheric conditions, photographs of spirals of the class 
of Messier ror, Messier 81, and Messier 51 show as much fine detail 
as was shown in my photographs of the Great Nebula in Andromeda 
taken with the two-foot reflector of the Yerkes Observatory. 

Twelve of the larger spirals have been photographed with long 
exposures with the new plate-carrier. All of these contain great 
numbers of soft star-like condensations which I shall call nebulous 
stars. ‘They are possibly stars in process of formation. In general 
they lie in streams which follow the curvature of the convolutions. 
Together with the smooth nebulous material in which they are appar- 
ently floating, and out of which they are apparently forming, they 
constitute the convolutions. ‘The smooth nebulous material I shall 
call the smooth nebulosity, although it is not thereby meant that this 
is structureless. ‘Together with the spiral dark rifts which divide it, 
it exhibits the most beautiful and complicated structure, especially 
near the center of the nebulae. ‘The smooth nebulosity is in general 
much brighter near the center, becoming gradually fainter toward 
the extremities of the branches. In the case of the nebulous stars, 
however, this tendency is decidedly less marked; these, in general, 
are brighter and more numerous in the intermediate region between 
the center and the extremities of the branches. The curved streams 
of nebulous stars are frequently visible in the extremities of the 
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branches far beyond the point at which the smooth nebulosity becomes 
too faint to be visible. 

Messier 33 Trianguli contains over 2400 nebulous stars; they are 
present in all parts of the convolutions, from the central nucleus to the 
extremities; they frequently occur in groups or bunches which remind 
one strongly of bunches of frogs’ eggs. At least twenty of these groups 
are present in this nebula, with from ten to sixty nebulous stars in 
each group. 

Messier 101 Ursae Majoris contains over tooo nebulous stars; 

~here also they are present in all parts of the convolutions, and here also 
they occur in groups. No less than fifteen conspicuous groups are 
present, with from six to thirty nebulous stars in each. Several groups 
frequently occur in one branch of the spiral. 

Messier 81 Ursae Majoris contains over 400 nebulous stars. This 
nebula bears a remarkable resemblance to the Great Nebulain Androm- 
eda. The bright central region contains a very complicated system 
of dark rifts; as in the Great Nebula in Andromeda this region is 
entirely devoid of nebulous stars. Outside of this central region the 
streams of nebulous stars follow perfectly the well-defined and beau- 
tifully curved branches of the spiral; in this nebula the nebulous 
stars do not occur conspicuously in groups. 

Messier 51 Canum Venaticorum contains over 250 nebulous stars, 
which in this case are present in large numbers near the center as 
well as in the outer parts. In this nebula the space between the two 
main branches of the spiral is shown to be filled with faint nebulosity 
of exquisite lacelike structure; the nebulous stars lie almost exclu- 
sively in the two bright main branches. 

Messier 63 Canum Venaticorum contains over 200 nebulous stars; 
these are present in all parts of the branches, from the center to the 
extremities. 

Messier 64 Comae Berenices is strikingly different from the other 
‘spirals photographed. ‘The fifty or more nebulous stars in it are 
present only in the region immediately around the center, where they 
lie in spiral lines or streams. ‘The intermediate and outer parts of the 
branches, in which the spiral form is very marked, are perfectly 
ssmooth and free from nebulous stars (so far as the 60-inch photographs 
can show). This is indicated on two good negatives, one with four 
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hours’, the other with seven hours’, exposure. A large and very dark 
rift lies north of and very near the center; several streams of nebulous 
stars are conspicuous in this rift. 

The foregoing description of several of the larger spirals is only 
preliminary and in the nature of an announcement. So much com- 
plicated structure, and so many new and suggestive features are shown, 
that a detailed study and description of each will be necessary later. 

The illustration of Messier 51 Canum Venaticorum (Plate IV) is 
from a negative taken with the new plate-carrier, February 7 and 8, 
Ig1o; exposure 3" 55™; Seed “23” plate; scale of original nega- 
tive, 1mm=27”2; scale of half-tone plate, 1 mm= 47/2; enlargement 
from original negative, 6.4 diameters. This photograph was taken 
with rather good winter conditions; at no time during the exposure 
was the seeing better than 4.5 on a scale of Io. 

In February 1910 two negatives of Messier 81 were secured with 
the new plate-carrier. The illustration (Plate V) is from the one 
taken February 5; exposure 4" 15™; Seed “23” plate; scale of 
half-tone plate, 1 mm=676; enlargement from original negative, 
4.1 diameters. In this case the seeing did not go above 5 (scale of 
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IO). 

The illustration of the beautiful planetary nebula Messier 97, the 
“Owl” nebula of Lord Rosse (Plate VI), is from a negative taken 
February 9, 1910; exposure four hours; Seed “23” plate; scale 
of half-tone plate, 1 mm=3”5; enlargement from original negative, 
7.7 diameters; seeing varied from 2.5 to 4 (scale of 10), hence the 
large star-images. A large amount of detail and delicate shading 
are shown in the nebula, which has the appearance, in general, of a 
slightly inclined elliptical disk superposed upon a fainter round one. 
An interesting description of this nebula, with a drawing, is given 
by Professor Barnard in Monthly Notices, 67, 543, 1907. In my 
photograph the two dark holes are not round, but are very irregular 
in form and shading; the faint outer disk is irregularly round; four 
faint stars are shown in the nebula in addition to the central stellar 
nucleus. ‘This negative is most interesting in another respect: approxi- 
mately 100 very small nebulae are shown in the field 36 minutes of 
arc square surrounding Messier 97. For the field in question the 
nebulae are as numerous as the stars. 


PLATE IV 


South 


SPIRAL NEBULA Messier 51 Canum Venaticorum 


Photographed with 60-Inch Reflector on Seed 23 plate, February 7 and 8, 1910 


Exposure 35 55m, Enlargement from negative 6.4 diameters. Scale: 1 mm=4?2 
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PLATE V 


South 


SPIRAL NEBULA Messier St Ursae Majoris 


Photographed with 60-Inch Reflector, on Seed 23 plate, February 5, 1910 


Exposure 44515™, Enlargement from negative 4.1 diameters. Scale: 1 mm=6/6 


PLATE VI 


THE Owt NEBULA, Messier 97 Ursae Majoris 


Photographed with 60-Inch Reflector, on Seed 23 plate, February 9, 1910 


Ul 


Exposure 4 hours. Enlargement from negative 7.7 diameters. Scale: 1 mm=375 
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South 


Crap NEBULA IN Zaurus 


Photographed with 60-Inch Reflector, on Seed 23 plate, October 13, 1909 


Exposure 3 hours. Enlargement from negative 8.8 diameters. Scale: 1 mm=3"1 


PLATE VIIT 
South 


THE Rinc NEBULA, Messier 57, IN Lyra 


Photographed with 60-Inch Reflector, on Seed Process plate, September 17, 19099 
Exposure 30 minutes. Enlargement from negative, 16.5 diameters. Scale: r mm=176 
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The illustration of the “Crab” nebula, Messier 1 (Plate VII), is 
from a negative taken October 13, 1909; exposure three hours; 
Seed “23” plate; scale of half-tone plate,.1 mm=37’1; enlargement 
from original negative, 8.8 diameters. This negative was taken with 
the old plate-carrier, with which a slight rotation of the field, due 
chiefly to the change in atmospheric refraction, could not be corrected; 
hence the slight elongation of the star-images. Seeing varied between 
6 and 7 (scale of 10), to which is due the exquisite definition of the 
countless antenna-like filaments surrounding the nebula; in the 
negative similar filaments are shown superposed over the bright body 
of the nebula. No stars are shown which appear to be physically 
related to the nebula. 

The illustration of the “Ring” nebula in Lyra, Messier 57 (Plate 
VII), is from a negative taken September 17, 1909; exposure, 3 
minutes; Seed “Process’”’ plate; scale of half-tone plate, 1 mm=1/6; 
enlargement from original negative, 16.5 diameters. This negative 
also was made with the old plate-carrier, and with seeing 5.5 (scale of 
10). The “Process” plate used gives good contrast, and its fineness of 
grain allows very small details to be shown; hence the great enlarge- 
ment possible. A large amount of structure is shown in the ring, 
which is seen to consist of three irregular rings intertwined; this was 
first noted by Professor Keeler. Even with the very slow “Process” 
plates 30 minutes’ exposure is sufficient to show faintly the two light 
bands, parallel to the major axis of the ellipse, which cross the central 
dark space. With 60 minutes’ exposure on these plates considerable 
structure is shown in these bands and also in the five principal pro- 
tuberances outside of the ring. It may aid in appreciating the per- 
formance of the 60-inch with fine-grained plates to note that the 
extreme length of this nebula on the original negative is three 
millimeters. 
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THE GENERAL CIRCULATION OF THE MEAN AND 
HIGH-LEVEL CALCIUM VAPOR UN - THe SsCr 
ATMOSPHERE? | 

By CHARLES E. ST. JOHN 


I. INTRODUCTION 


Important as is the registering of the solar surface by monochro- 
matic photography through the use of the spectroheliograph, of 
equal importance are data for the interpretation of spectroheliograms. 
Such photographs with the a line of hydrogen furnish in some measure 
the means for their own interpretation, as in the vortical movements 
shown and described by Hale,? and in the motions of the dark hydro- 
gen flocculi such as the writer was fortunate enough to obtain on 
June 2 and 3, 1908.3 But since the development of the spectrohelio- 
graph by Hale in 1889, and its first successful application, on January 
12, 1892, to the photography of the solar surface and the delineation 
of the forms of those regions where K is reversed, a sufficient amount 
of definitive work bearing upon the general movement of the calcium 
vapor has not been done, though the total number of spectrohelio- 
grams is now many thousands and daily increasing. This lack of 
definitive data is especially to be regretted in the case of calcium, 
because of the remarkable behavior of the H and K lines over the 
general surface of the sun, over faculae, and over spots, and because 
these lines are the most favorable for use with the spectroheliograph, 
and the only ones that can be employed with spectroheliographs of 
low dispersion. 

The history of the H and K lines of calcium, as far as the discovery 
of their characteristic appearance on the disk of the sun is concerned, 
is as follows: 

In 1872 Young wrote concerning the reversals of H and K 
visually observed by him: ‘They were also found to be regularly 
reversed on the body of the sun itself, in the penumbra and 


™ Contributions from the Mount Wilson Solar Observatory, No. 48. 
2 Ibid., No. 26; Astrophysical Journal, 28, 1908. 
3 Ibid., 9. 
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the immediate neighborhood of every important spot.” In 1883 
Lockyer made the first attempts to photograph the spectra of 
sun-spots and his plates showed that “in all H and K were seen 
reversed over the spots, just as Young saw them at Sherman, while 
the blue calcium line was not reversed.””?, On Rowland’s plates used 
for The Preliminary Table of Solar Wave-Lengths, taken as far back 
as 1886 and 1887, H and K show both single and double reversals,3 
but no notice of this was published at the time. The following 
observations of the single and double reversals were made independ- 
ently of each other and of the preceding photographic work. In 
December 1891 Hale obtained some photographs of the spectrum 
of a spot in which the bright lines of H and K had such an extent in 
the surrounding regions that it was suspected that similar reversals 
might be found on the disk remote from spots. A series of plates 
was taken which confirmed this suspicion, and in a note from the 
Kenwood Observatory, under date of January 18, 1892, Hale says 
“that the H and K lines are reversed not only in the vicinity of spots 
but in regions irregularly distributed over the entire disk of the sun.’’4 
M. Deslandres reported the same results from his photographs of the 
spectra of spots and faculae: “Les raies H et K du calcium apparais- 
sent souvent brillantes,’’ and added, in a footnote: “Ces raies bril- 
lantes offrent souvent aussi un reversement au centre.’’> 

Under date of April 15, 1892, Hale reported from the Kenwood 
Observatory that on plates taken in December 1891 “most if not 
all, of these (H and K) reversals were double, i.e., a dark line ran 
through the center of the bright line.”’° The usual appearance of the 
Hand K lines over the general disk of the sun is that of a broad shad- 
ing—H, or K,—superposed upon this a bright line—H, or K,—vary- 
ing greatly in width and intensity and consisting of two components 
separated by the narrow absorption line—H, or K,—following the 
notation for the division of these lines introduced by Hale.’ 

t American Journal of Science, November, 1872. 

2 Proceedings, Royal Society, 36, 444, 1884. 

3 Personal letter from Professor Ames. 

4 Astronomy and Astrophysics, 11, 159, 1892. 

5 Comptes Rendus, 114, 277, 1892. 


© Astronomy and Astrophysics, 11, 414, 1892. 
7 Publications of the Yerkes Observatory, Part I, Vol. III, p. 15. 
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M. Deslandres called attention to the following peculiarities of the 
H and K lines: 


Le plus souvent, les deux composantes de la raie brillante sont dissymétriques, 
la composante du cété du rouge étant plus étroite que l’autre, si bien que la raie 
noire apparait déplacée vers la rouge par rapport a la raie brillante.t 


After speaking of the equality, in general, of the bright components 
over faculae and the occasional inflections of the lines in the neigh- 
borhood of spots, he says further: 


L’ensemble des faits précédents peut s’expliquer par un mouvement général 
de circulation verticale et horizontale des couches hautes et basses de la chromo- 
sphére, analogue 4 celui que présente notre atmosphére. Les couches basses 
s’éléveraient et seraient attirées vers l’équateur, comme les vents alizés, d’ou un 


rapprochement vers la Terre; les couches élevées auraient un mouvement inverse.? 


Returning to the subject later, M. Deslandres writes with more 
definitiveness: 


J'ai déja indiqué, en 1894, ces particularités qui annoncent un mouvement 
d’ascension des vapeurs productrices de la raie K, et un mouvement de descente ~ 
des vapeurs K,. Lorsqu’on se rapproche du bord, la dissymétrie diminue et, 
pres du bord, devient imperceptible, ce qui s’explique parce que les différences 
des vitesses radiales des vapeurs par rapport a la Terre diminuent elles-mémes 
jusqu’a devenir nulles. En méme temps, les deux composantes de K, s’écartent 
progressivement, laissant entre elles une raie K, qui s’élargit de la méme quantité. 
Ce dernier fait, sur lequel je dois insister, est trés net avec une grande image 
solaire, plus régulier et progressif que ne l’indiquent les dessins déja publiés. 
Il tient évidemment a l’épaisseur constamment croissante sous laquelle se présente 
la*chromosphére, pour le rayon Soleil-Terre, lorsque l’on va du centre au bord. 


Without actual measurements referred to terrestrial standards 
the dissymmetry of the bright components of the calcium lines can 
indicate with certainty only relative motions of the vapors producing 
K, and K,, respectively, and definite conclusions cannot be drawn 
as to the actual motions of the vapors producing the lines. 

The unsymmetrical character of the central absorption line with 
respect to the components of the emission line has also been reported 


t Comptes Rendus, 119, 458, 1894. 
2 [bid., 459. 
3 Ibid. 141, 381, 1905. 
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by Jewell, who found it more easily observed in the case of K than H.' 
A number of plates were measured by him and as a result it was found, 


that the central absorption line varies in position to the extent of 0.025 of an 
Angstrom unit between the plates upon which the ceniral line is symmetrically 
placed and the plates upon which it is most unsymmetrical. ... . An attempt 
was made to measure the position of the emission line in these cases. The 
measurements were too difficult to make to give any certain results, but there 
were some indications that the emission line might be slightly displaced toward 
the violet in the cases of dissymmetry.... . The obvious explanation is that 
in the cases of dissymmetry we have examples of motion in the line of sight, 
the displacement of the central absorption line being due to falling matter, the 
extreme difference in velocity, shown by different plates, being about seventy-five 
miles per minute.? 


In a later paper he says: 


The narrow central component of the shaded lines . . . . shows a descending 
motion, over the solar surface, of the absorbing matter producing it of ... . 
about a mile a second in the case of the Hand K lines..... These narrow 


components of the shaded lines are probably produced by meteoric matter falling 
into the solar atmosphere. The bright emission components may possibly be 
caused by the down-rush of this meteoric matter through the denser portions of 
the chromosphere such that where it meets the up-rush of the matter already 
referred to, the impact of the collisions or the friction caused produces an 
intense emission. ... .3 


In the paper previously referred to Jewell suggests: “In the case 
_of H and K the central absorption line may possibly be produced by 
the corona.”’ The plates examined by Jewell were not made with 
such measurements in view as must be carried out on these difficult 
lines, but were used incidentally for this purpose. The importance 
of having plates for this particular purpose was fully recognized and 
taken into account in the work reported later in this paper. 

Some work was done on the H and K lines by Adams in 1905, in 
which, upon six plates taken on the disk, he measured the position of 
the absorption lines, and in some cases the position of the bright 
emission lines. His results for the absorption lines are in apparent. 
disagreement with those of Jewell. Adams says: 


t Astrophysical Journal, 3, 103, 18096. 
2 Op. cit. 
3 Astrophysical Journal, 11, 237, 1900. 
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The most striking feature of these results is the general tendency toward a 
clisplacement to the violet. .... Taking the values already found for the 
wave-lengths of H and K in the arc spectrum, the average displacement amounts 
to 0.006 tenth-meters, which would mean a velocity of approach on the part of 
the calcium vapor producing the absorption lines of o.41 kilometers a second. 
. . . . No certain evidence can be found in these observations of any such varia- 
tion in the motion of the calcium vapor between the center and the limb, as might 
be expected from a general drift upward in a radial direction. A large amount 
of material will, however, be necessary before any conclusion can be drawn in 
regard to this matter... .. The results given by the emission lines, H, and K,, 
also show a displacement toward the violet, although the measurement of these 
lines is much more difficult than that of the absorption lines... . . Upon most 
of the plates which were measured the violet and the red components are very 
nearly equal; in several the violet is slightly stronger, and in one distinctly weaker 
than the red component.? 


The present state of the case is as follows: M. Deslandres found 
at the center of the disk dissymmetry with the violet component of 
K, the stronger, the inequality of the components disappearing at the 
limb. Without measurements he assumed a descending motion of the 
absorbing vapor and an ascending motion of the emission layer. 
Jewell found a varying dissymmetry of the components and a measured 
velocity of descent for the vapor producing the absorption line of about 
a mile a second. The measurements of the emission line were too 
difficult to give anything but a slight indication of a displacement 
toward the violet. Adams found dissymmetry to be the exception, 
a measured velocity of ascent for the absorbing vapor of 0.41 kilo- 
meters a second, and a slight displacement of the emission line toward 
the violet. The apparent contradiction in the measurements of Jewell 
and Adams probably depends upon the different standards used for 
the solar lines and the differences in wave-length assigned to the H 
and K lines in the arc. As to the conflicting evidence relative to 
dissymmetry, the explanation suggested by Adams is undoubtedly 
the correct one: “It seems probable, that while an effect like that found 
by M. Deslandres is perhaps to be expected, the local conditions of 
the calcium vapor at different points on the sun’s surface vary so 
much as to mask it completely in many cases.’’ 


1 Contributions from the Mount Wilson Solar Observatory, No. 6; Astrophysical 
Journal, 23, 45, 1906. 


2 Op. cit. 
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In reviewing the work already done, three points appear to which 
particular care should be given in a definitive examination of the 
question of the general movement of the calcium vapor in the upper 
and middle levels of the sun’s atmosphere: first, an accurate determi- 
nation should be made of the wave-lengths of K, and K, at definite 
positions on the sun’s surface, referring them to the same standards 
that were used for determining the wave-lengths of the correponding 
line in the arc; second, the plates should be taken with reference to 
the particular ends in view, and exposure times and developments 
should be such as to bring out as sharply as possible the bright emis- 
sion line, particularly on plates taken at the center of the sun’s disk; 
third, there should be a large number of observations extending over 
a sufficiently long period of time to eliminate as far as possible the 
masking of the general effect by temporary conditions, so that the 
final mean will reveal the prevailing state of the vapor. 

As a preliminary to this investigation the determination of the 
wave-lengths of the H and K lines of calcium in the arc, the spark, and 
the electric furnace was made,’ based on the secondary standards 
of the International Union for Co-operation in Solar Research, as 
determined by Fabry and Buisson.? It was early decided to con- 
fine the investigation to the K line of calcium in the sun because of 
its greater intensity and the absence of troublesome neighboring lines. 
The Fabry and Buisson standards being about 40 Angstréms apart 
in this region, only the standard A 3935 was conveniently near to K. 
‘The wave-length of another iron line, A 3930, was therefore determined 
in the arc with the same precision as the H and K lines, in order that 
there might be an adjacent standard on each side of the K line to which 
its wave-length could be referred. The results for the wave-lengths 
of the calcium lines in the arc were A 3933.667 for K and A 3968. 476 
for H, and for the supplementary iron line A 3930. 301.! 

The points covered in the present paper are: the determination of 
the wave-lengths of the solar standards employed in terms of arc 
standards; the measurement of the wave-lengths of the absorption 
line K, and the emission line K, at different points on the solar disk as 


t Contributions from the Mount Wilson Solar Observatory, No. 44; Astrophysical 
Journal, 31, 143, 1910. 


2 Astrophysical Journal, 2'7, 169, 1908. 
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a basis for the study of general radial motion of the calcium vapor; 
an investigation of the frequently assumed horizontal currents along 
the solar surface; a study of the absolute and relative widths of the 
H and K lines at the limb and center; the vertical distribution of the 
calcium vapor in the chromosphere; the wave-length of the absorption 
line H, at the center and limb; the relative wave-lengths of H and K 
in the sun; and a general discussion of the data derived in the 
investigation. 


2. DETERMINATION OF THE SOLAR STANDARDS 


The spectrographs employed are of the Littrow form and are 
described as Nos. 2 and 3 in Contributions from the Mount Wilson 
Solar Observatory, No. 44. In the 18-foot spectrograph (No. 2) 
arranged for the Snow telescope, a 4-inch (10cm) plane Michelson 
grating, having 12,500 lines to the inch (492 to the mm), and a 4-inch 
plane Rowland grating, having 14,438 lines to the.inch (568 to the 
mm), were used, the latter being temporarily free from its regular — 
service in the tower spectrograph, with which also some of the com- 
parison plates were taken. Light from the center of the sun’s disk 
was used for direct comparison with the iron arc, an unmagnified 
image of which was projected on the slit. ‘The narrow iron spectrum 
fell on the plate between two narrow strips of the solar spectrum. In 
the case of the 18-foot spectrograph the occulting bar was free from 
the instrument. In that of the 30-foot spectrograph the light, easily 
moving occulting bar is attached to the massive head of the instrument. 
The plates were measured red right and red left, with at least four 
settings on the arc line and eight or more on the solar line for each 
direction. Corrections have been applied for the rotation of the earth 
on its axis, and the eccentricity of its orbit around the sun, using 
Campbell’s tables.t The solar lines 4 3930 and A 3935 lie in the broad 
shade of K, and therefore present some difficulties for accurate meas- 
urement. The results for the solar lines, corrected as noted above 
and referred to the corresponding arc lines, are given in Table I. 

The increase in the wave-lengths of the solar lines over the wave- 
lengths in the arc is 0.005 A for both lines. 

In measuring the wave-lengths of K near the sun’s limb, account 


« Scheiner, Astronomical Spectroscopy (translated by Frost), Boston, 1898, 338--344. 
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must be taken of “pressure-shifts”’ upon the solar standards. This 
effect falls off rapidly with increasing distance from the limb, but in 
this investigation points on the disk were taken at only 1 mm from 


TABLE I 

SOLAR STANDARDS 
Plate d 3030 A 3035 Spectrograph Grating 
cS Ae |r gM a ae a 3930. 307 3935 .826 18-foot 12,500 
loa tin ache hes sas 306 .821 18-foot 12,500 
ee ts roe rae ra 307 .826 18-foot 14,438 
CAN Ey Mitie ag my 4 304 .825 18-foot 14,438 
HOD eee 308 .825 18-foot 14,438 
Lig G9 og Sees 316 .824 18-foot 14,438 
i) et eee 30% .824 18-foot 14,438 
ES Fh al ee ae . 306 .826 18-foot 14,438 
PERO PT Niet te es oy 1305 .822 30-fcot 14,438 
a Ree eae . 300 .820 30-foot 14,438 
ice ot ews S 306 .822 30-foot 14,438 
ha S Pan aren ae 305 .823 30-foot 14,438 
CY SSP aera 300 821 30-foot 14,438 

NE Ee ne eee 3930. 306 3935 -823 


the limb. Mr. Adams kindly placed at my service his center and 
limb plates of this region, upon which the shifts of the solar standards 
were found to be as follows: 


Plate A 3030 A 3035 
Bits vee tie aoe, 2 ess +0.005 +0.004 
LIOR pie ted eee Sate ee +0.004 +0.002 
5 oe co ee eae +0.004 +0.002 
VCP BG reer thr Rey eee + 0.003 +0.003 
Means fais sss oe +0.004 +0.003 


The calcium vapor producing the K, absorption line is known 
to be a high-level vapor and therefore would be subject to very small 
pressure, possibly less than one atmosphere. The vapor producing 
the emission line K, lies at an intermediate level and may be under 
a pressure not much different from that of the earth’s atmosphere. 
The results will show that these assumptions are justified. For these 
lines, then, the solar standards are, for the general disk, A, 3930. 306 
and A, 3935-823, and for the limb A, 3930.310 and A, 3935.826. 
Since these have been determined in terms of the arc standards used 
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for measuring the wave-lengths of H and K in the arc, the results 
for K, and K, in the sun are directly comparable with the results 
in-the-arc; 


3. THE WAVE-LENGTH OF THE ABSORPTION LINE K, 


The spectrograph was that used with the Snow telescope and 
described as spectrograph No. 2. The grating was the 8-inch 
Michelson, used in the third order, where the scale is approximately 
rmm=1.02 A. The spectrograph has a first slit 45 mm long and 
a second slit of the same length but of variable width, so that short 
sections of the spectrum may be taken. The slit may be only wide 
enough to allow the spectrum line to pass through, or it may be 
increased to 12mm. Both slits and the plate may be moved auto- 
matically or by hand. ‘The arrangement permits one to make easily - 
and rapidly successive exposures of the same point on the sun, for 
detecting changes with time, or exposures of successive points at any 
desired intervals. It is in a modified form the spectrograph des 
vitesses suggested by M. Deslandres and employed by him in 1892 
for the photography of the spectra of spots and faculae, in which he 
noted for the first time the double reversal of the H and K lines.* 
From such plates taken at closely adjacent points with a long and nar- 
row slit the forms and distribution of the calcium flocculi can be 
obtained in the manner M. Deslandres has shown.” In connection 
with the present investigation, the writer has had an opportunity to 
examine some section plates taken by Hale in 1891, when using a long 
slit and making the first solar survey to which this method “by 
sections”? especially lends itself, and by which he discovered the 
bright reversals of the H and K lines of calcium at points on the disk 
of the sun. In the present case the sections used by the writer were 
12 mm wide and the lines 45 mm long. They were wide enough to 
include the solar standards, and the lines were long enough to show 
the condition of the calcium vapor over a region on the sun 350,000 km 
in extent. A preliminary survey was made by taking points 1, 2, 3, 
4, 7,12, 17, 25, 35,and 50mm from the limb and at the center. These 


1 Comptes Rendus, 114, 277, 1892. 


2 Transactions o} the International Union for Co-operation in Solar Research, II, 
Plate XIE 
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were found to be unnecessarily numerous and measurements were 
confined to three points, namely, 1 mm and 12 mm from the east and 


west limbs, and the center. 


TABLE II 


WaAVE-LENGTH OF K; AT I mm FROM THE LIMB 


The change in the line-of-sight compo- 


EAst 
Plate Date K; 
1909 
on Jan. 19 3933-670 
ly eae oe 20 .664 
CT Me 28 .662 
0 age Feb. 8 669 
a Oe * 13 .665 
oe ee ae a ie .658 
2 Be eee March 9g .665 
y Tag ae, Seer - 10 O72 
OR heelys ee i II .665 
TOO shite sbeeers A 31 .666 
Mean..... 39033 -6656 
BOM ae 2. xceks April I .666 
\) ee i 9 .655 
BAOn Nets 6.06 3 4 15 661 
Pen ihn: 2 16 .674 
oy te : 26 .662 
Sccunc © cs a7 .666 
BOP .niek ee es - 20 .665 
BOD Aly 2 July 22 .660 
BOR tal date tec * 23 .663 
FOO Sd oh ee \ 24 .665 
Mean)... .: 3933 -6633 
BUG Ween Sie July 24 .660 
cp Eon OR ge & 26 685 
MGS seared Ae ie 27 652 
IE pike os pn 28 .662 
PR eso p20 * 20 .669 
wis oo ee 4 30 .669 
SSRs 8% > + 30 .666 
ao ee Aug. 2 .662 
BBE aes 5.715 $9 is 3 .664 
ey % 5 .665 
PAPA ls... 3933 .6654 


WEST 
Plate Date K; 
1gog 

AD een Jancee2o 3933-663 
Sha! ORO Fede) 13 .665 
Ot AnES ¢ - os .673 
BChe s. tge. 22 .670 
Tan hypeaes tee March 9 .673 
TA GERM siya a II Oe 
iat th eee ee os II .678 
ROO tere alee = 31 .674 
BOA Te ee April r .670 
200m asee 25 9 .673 
Mean... 5 3933 .6714 
DZOUr tue ea roW aig eta Ks .673 
2S Ae ob ose ws 16 .664 
BS eso aoe x a7 .673 
262 cute « code aat - 29 07% 
Ee Piers ah cae bul 07 .667 
eS Ge orn #: 20 .672 
Cito © ane se 21 Liye 
SUOerae ee oe = 22 .662 
evi Bae ae a 23 .669 
ROA s 2 22 .667 
Mean... 3933 .6690 
BOO Nie eo, eae July 24 .670 
BOM wees f 26 .659 
Deis sos, soo xh ry) .669 
ATA ere wh 5s a 27 .662 
fay Giga kao 2 ; 28 1077 
BPG Feed hat Pc 29. .650 
cio eke Sera a 30 .666 
BOA i: 2 i ; 30 .686 
Blot ne Wee Aug. i .678 
392.--+.-5. ie 6 .669 
WEA Lee 3933 .6695 


nent of any radial movement of the calcium vapor takes place rapidly 
near the limb. With an image 172 mm in diameter, which is the 
mean value here used, 51 per cent of the change from limb to center 
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occurs within 12 mm of the limb. As the total effect is small, plates 

taken at the center would not give very different results from those 

taken over the general disk unless points very near the limb were 
TABLE III 


WaAvE-LENGTH OF K; AT 12mm FROM THE LIMB 


Plate Date K; Plate Date K; 
1909 1909 

21s ia ventas Jan. TO: | (3933.075-15 2AOc daeriot’ April 26 | 3933.681 W 
PENSAR ae ie 19 O75 00 eae eee ch oa .678 W 
ZOE eastern as : ve 20 sO7OR 2022. 5seGae oe 3 20 672714 
ee pore ae cs 24 SO7O Au aN 22a tee aes tile eso .676 W 
Ente er y 28 .667 E RS tess ae on 21 077. W 
AD niente s 28 OF Ta SOC te ese ee: ih a2 .667 W 
A 3 eee cee 74 28 (O74 Er Hh 20k re 22 .674 E 
AGE setts. + 29 .673 E ROD Stee tas ey 23 .676 W 
SOR ane ot - 29 .673 E 2640S atcees + 23 .669 W 
53 Soke nee: e 29 OFS. iar Vt 305 tees a3 | O73. 558 

Mean ence 3933-6746 Mean... | 3933 6742 
50a ite Jan= — 30 OG TE Se 200t ree eee july) 24 OF Faas 
G2 Saetemecnies y 30 .678 E 20838 Ses es sO 24 .672 E 
O4 aor. Feb. 8 O77 les Uo 20g ar eens ‘s 24 .671 W 
OS fa sae: wh 13 .680 E 27 Oon ae ee < 26 .675 W 
OO ett eee ae yi 13 May foie ie eee are ee, ea ~ 26 .676 E 
W Ot raeay ah S 1) 1076 W i 342222 =e fe 27 .675 W 
7s ee Ogee 3 Sey eee Ripe ae cee “ By O71. a 
Feo “ 22 OF Sa isd 74 em ee a yi .674 W 
SOma eh, ae B20 22> 07 4~ We este ae 28 .671 W 
fi bags aia Ae March 30 .680 E yet ear ats 28 .676 E 

Wiean aye. : 3933-6757 | Mean vie: | 3933-6738 
LOUees ere March 30 STE NW leo) Geter Varia ae .674 E 
BiG eRe eae April 9 .674 E BBO nse ae 4 30 .672 W 
BIO eee niet e 9 O77 WV 28 ate uae ae He 30 .675 W 
Py BERD, oe - 12 "RO7 221% SO Saks ae “a 30 .665 E 
Diy Be eae? e 15 .678 E BOF enn ae Aug. 2 OF 9e 
ee ge ay Ne a 15 G79 WW) B88. x aes tie abe .667 W 
ZADO Ree eae - 24 .680 E RSQ Odes ss 3 Og eae 
DAD ie eee cee A aq £077 WT Ase Octs Saar .680 E 
BAEC a oe - 25 2070 tl 430.255 meee Nov. I .671 W 
ZAC ere seers . 26 967 7815 AAs see er I .674 E 

Mean. 1.0% 3933-6764 Mean toes. 3933-6730 


selected. Tables II, II, and IV contain the results for the three points 
chosen. The plates were measured red right and red left. The 
results are arranged in groups of ten each, with the plates in serial 
order, the better to bring out the regularity of the progressive change 
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from the limb to the center. 
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In the means for the groups and tables 


the fourth decimal has been retained as the residuals shown by the 
least-squares solution are confined to the fourth place except for 


TABLE IV 
WAVE-LENGTH OF K,; AT CENTER OF THE DISK 


Plate Date K,; Plate Date K; 
1gOg 1909 
Yee eee Jan. 19 3933 .682 200 a cagive ae July 24 3933 683 
Rare eis Ws a 19 .682 208ias fais sire : 24 .675 
BO naa es - a 20 .676 300 get reee od 24 .680 
Ce te arn = 24 .678 Bh pee i 26 681 
POM ted 28 .682 RL. dtd eke, s 26 681 
Oe ate eee cs 28 .684 nD ee + oy LO a7 
a Sas eas > 29 .689 22 teen ae . a7 .687 
UX ee eee e 29 .683 SUAS aa naga s be 27 .678 
Be hes 8p, . 30 .682 BG cake sate - 28 .682 
Se to Cae ae Oe SRG .679 BUS eae atts ily =) .676 
Mean ..... 3933 6817 Weary cere 3933-6800 
OER cediregctos %, <2 repos .675 SVG ere kao July 29 681 
Dee ie Later, 13 Om FORE tat =. 20 .678 
(3 Pre eae ae = 13 .679 Eis eee ey oe % 30 .686 
oC oe eee March 9g .678 BSC de ates 3 See EsO .680 
BBA Me crcl gs za 9 } .676 BOP roe aso a 30 64s 
49 eee g 9 | .676 chy gr eee ie ee .677 
$50.2.d5 <i. o 10 | .680 BOS cates nah ae 3 .683 
Batters we, Oh cosy ie 10. .682 to (8 eee a eee 3 .683 
ed eee fe poate .680 A306 cas FR 6: Nov. 1 .683 
a eer “4 I2 .684 AS Sgn cra toh * I .680 
MCAD sexiiin'e 3933-6787 Means... 3933-6811 
ty Pee as ate March 31 .680 BAA soe ae he Novi; 3 .682 
i ty tA Ae ms 31 .682 AMAL gO rasan. 3 .676 
BIN ee i ts A prilest .684 rN ee ae ged a 3 681 
PRU Patios - 16 .684 AAG earns # 3 .677 
MAS Or ns cat. : 24 .683 AGE ahr ies 23 .679 
A 5s eg 26 .677 Fay Menage gee o 22 .694 
ROY 2 Boas yi July 20 .680 ORM ame ihEt = 23 681 
MG tia Rouse ais * 22 .672 Dis canie ope i 23 .684 
UA ee * 23 681 rg tetegre ee, B es ey .678 
Ch. Poe a eae i 23 .678 Vie 6 OE see f ag .676 
Mears ci. 3933-6801 Mean ..... 3933-6808 


two points. The wave-length of K, is given in absolute units, and 


referred to the two standards mentioned above. 


The letters E and 


W following the wave-lengths in Table III refer to the east and west 
limbs of the sun, respectively. 
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The measurements were confined to those portions of the spectrum 
lines that appeared to represent the prevailing condition of the chro- 
mospheric vapor. } Regions near spots and faculae were avoided, 
especially was this the case on the plates taken at the center and at 
12mm from the limb. On the limb plates the bright emission line 
Kk, was so broad and intense that it did not reveal clearly the presence 
of the calcium flocculi. The slits of the spectroscope being 45 mm 
long, it was possible on the other plates to select those portions of the 
line for measurement in which the bright components of K,, bounding 
K,, were of uniform width for some distance, and not of such great 
intensity as over the facular regions and the brilliant flocculi. The 
period covered by this series of observations extends from January 
19 to November 27, 1909, and includes twelve rotations of the 
sun. The plates being taken at irregular intervals represent what 
must be the prevailing state of the calcium vapor producing the absorp- 
tion line K,. The results for the groups are shown in Table V. 


TABLE V 


MEAN RESULTS FOR THE WAVE-LENGTH OF K, 


t mm from the Limb 12 mm from the Limb Center 

3933-6656 E 3933-6746 3933-6817 

.6714 W .6757 .6787 

.6633 E .6764 .6801 

.6690 W .6742 .6800 

.6654 E 20735 6811 

.6695 W .6730 .6808 

Final means 3933.6674 3933-6746 3933 .6804 


Though large variations occur in the separate measurements for 
a given position, larger than errors of observation, the means of the 
groups of ten show an unmistakable tendency toward greater wave- 
lengths as the center of the disk is approached. ‘The agreement among 
the groups is so complete that the final means must be considered as 
representing the prevailing condition of the vapor with a high degree 
of certainty. The change of the line-of-sight component is very 
rapid near the limb, 15 per cent of the radial motion on the sun appear- 
ing as a line-of-sight motion at 1mm from the limb on an image 
172 mm in diameter. The difference between the wave-length at the 
center and at 1 mm from the limb is 0.013 A, which is 85 per cent of 
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the change from limb to center. The total displacement between 
limb and center is therefore 0.015 A, corresponding to a velocity 
of descent of 1.14 km per second for the upper level of the calcium 
vapor in the solar atmosphere. The falling of the high-level calcium 
vapor is a general phenomenon, and though its velocity of descent 
seems low, it is in fact far greater than hurricane velocities in the 
terrestrial atmosphere. The highest recorded South Sea hurricane 
velocity, according to Képpen,' is 40 m per second, so that this down- 
rush of the calcium vapor has a mean velocity thirty times as great as 
the South Sea windstorms, and occasionally far greater. 

The measurement of the calcium absorption line K, was referred 
to the two iron lines A 3935 and A 3930, which occur in the reversing 
layer and presumably lie at a lower level. Adams has shown that 
the hydrogen vapor producing the Ha line has a considerably higher 
rotational velocity than the reversing layer,? and that the calcium 
vapor producing A 4227 has a velocity intermediate between that of 
Ha and the reversing layer. Hale has shown a correspondingly 
high velocity for the hydrogen flocculi, but that the bright calcium 
flocculi give a somewhat lower equatorial velocity and a smaller 
polar retardation than the reversing layer.4 The latter result was 
also obtained by Fox.’ The calcium vapor producing the K, absorp- 
tion line is a high-level vapor and therefore may have a relatively 
higher rotational velocity compared with the reversing layer. If 
such be the case, then the wave-length of K, at the east limb 
should be less than the mean, and that at the west limb greater 
than the mean, by an amount corresponding to the difference in the 
line-of-sight velocities of the calcium vapor and the reversing layer. 
In Table V there is shown a consistent difference between the results 
for the two limbs, those for the west limb being greater than those 
for the east limb. Since the probable errors of the means for the east 
and west limbs separately are +0.0006 A and +0.0007 A, respectively, 


t Hann, Lehrbuch der Meteorologie (Leipzig, 1906), 281. 

2 Contributions from the Mount Wilson Solar Observatory, No. 24; Astrophysical, 
Journal, 2'7, 213, 1908. 

3 Contributions from the Mount Wilson Observatory, No. 33; Astrophysical Journal, 
29, 110, 1909. 

4 Contributions jrom the Mount Wilson Observatory, No. 25; Astrophysical Journal, 
27, 219, 1908. 

5 Science, N.S., 25, 606, 1907. 
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it would appear that the difference of the means, which amounts to 
0.0052 A, is, beyond question, real. It seemed worth while to examine 
the values more closely from the point of view of the rotational velocity. 
The observations grouped themselves about two latitudes, namely, 
6°6 and 38°4. From the data given in Adams’ paper,’ the radial 
velocities, periods, and angular velocities were calculated for these 
two latitudes. The differences between the wave-lengths of K, at 
the east and west limbs for latitudes 6°6 and 38°4 are 0.0042 A and 
0.0062 A, respectively. The velocity of the calcium vapor relative 
to the reversing layer is sufficient at 6°6 to produce a Doppler effect 
of 0.0021 A, and at 38°4 an effect of 0.0031 A, corresponding to 
relative line-of-sight velocities of 0.16 km and o.24 km, respectively. 
The calculated radial velocities and the resulting periods and angular 
velocities are given in Table VI. 


TABLE VI 
COMPARISON OF ROTATION VELOCITIES FOR K;, Ha, AND REVERSING LAYER 
K, Ha REVERSING LAYER 
b 

v é Period v é - Period v é Period 

km days km days km days 

O° 6. ccc evens vel 2.205) T6SSS) 22.8 | ean sae ie. Tel ole pniwe 0.) 
Bra ey cc arene 1:69 | 15.4 | 23.4 \*Ti5G4) 14.29) 2504 92.45. | 2s ee 


From this table it is seen that the radial velocity of the calcium 
vapor producing the absorption line K, is about as much higher than 
that of the hydrogen producing Ha as the radial velocity of the latter 
is higher than that of the reversing layer. The angular velocity of 
the calcium vapor is consequently greater and more nearly constant 
than the angular velocity of the hydrogen, and shows therefore less 
polar retardation. ‘These results are in entire harmony with other 
observations in this paper showing the high level of the chromospheric 
calcium. 


4. THE WAVE-LENGTH OF THE EMISSION LINE K, AND FURTHER 
CONSIDERATION OF THE WAVE-LENGTH OF THE LINE K, 


The measurements of the bright components of the K, line were 
made outside of the brilliant facular and floccular regions and are 


™ Contributions from the Mount Wilson Solar Observatory, No. 33; Astrophysical 
Journal, 29, 110, 1909. 
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difficult since the line on the general disk is weak and its outer edges 
are poorly defined, especially on the red-facing border. It is present, 
however, at all points of the disk; and by careful timing of exposures 
and strong development covering a region of about 5 A on each side 
of the line, that is, covering the broad shading due to K,, a large num- 
ber of plates suitable for measurement were obtained. Besides the 
center, the points chosen for observation were I, 12, 35, 50, and 68 mm 
from the limb. As will be seen, the total change in wave-length in 
passing. from the limb to the center is not large, and from the cosine 
law of the distribution of the line-of-sight components of a radial 


TABLE VII 
WIDTH OF V K,—WIpTH OF R K,; AND WAVE-LENGTH OF K,; I mm FROM THE LIMB 
Plate Difference K; Plate Difference KS 

TAO css ess 5 +0.021 3933-673 oad Re ae —o.006 3933 .661 
EEOSS Oe ati oisrs +0.044 .665 BOOS W fine] +0.005 ; .662 
Ly PN ie ea —0.009 .674 cyt Oe as —0.004 .669 
DQ ee +0.003 .666 BORN ecw +0.004 .686 
BOADWoidee 5.3) —2.003 .670 ciok eS ee —0.002 .666 
a ee ee +0.022 .666 ROM Be ks —0,001 .662 
AOU Geet ss +0.003 .673 cto) ) il Opec +O OLG 664 
ik ieee +0.017 .655 ise Hah ays A Barer Or OLe .664 
229 Wee..::. +0o0.006 .673 SIORW el wes: +0.010 .665 
og Sela +0.002 661 EO. Wien e. = +0.017 .667 
SA GW Foe a. —0.005 .664 S10, Woes: + 0.013 665 
BAD ie See a +0.00) .674 REO) Wess +-0'..000 .672 
PAGENV ei. 0. OF5 .673 SO rie east: +0.006 661 
EAS A, ae +0.002 .662 STOpe. sen +0.000 .667 
0g Wa cnci-'. +0.001 .671 Cpe ere: +0.014 .664 

Means...) + 0.0074 3933 .6672 


velocity it follows that to produce a variation of 10 per cent in the 
value of this component, it would be necessary near the center to go 
35 mm toward the limb on an image of the size used. This made it 
feasible to take a series of exposures for points near the center on a 
single plate, changing the position of the sun’s image on the slit a 
few millimeters for each exposure. In this way the effects of local 
disturbances in the solar atmosphere could be distributed and the 
probability increased that the final mean of the measurements would 
represent the prevailing condition of the vapor. In a more limited 
way this could be done with the other points selected for measurement, 
except for that 12 mm from the limb where the change is compara- 
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tively rapid. The result for this point is therefore of less weight 
since successive exposures at this same point on the sun on a single 


plate would not eliminate local effects. 


TABLE VIII 


WAVE-LENGTHS OF K, AND K; AT 12mm FROM THE LIMB 


Plate 


Date 


AZT RT) Mie gan, ees Sree ee 
((2,) Boa eee eth ee eee 


434. (Ee 
437. i ic totes ater een ee 


sgelere) 
October 


November 


oe 


K, K; 
31 3933 660 3933-678 
31 -057 -679 
ar .642 681 
ae .648 683 
ai .653 .680 
I 652 .671 
I .647 :OF% 
I .640 .676 
I .646 665 
I .643 .667 
I .647 .670 
I .653 .670 
I .653 .675 
I .660 .674 
I .645 .675 
I .654 .674 
I .641 1072 
I .656 .675 
I .653 .675 
I .657 1074 
I O57 .672 
I .659 .680 
I .656 .671 
3 .658 .683 
3 054 -674 
3 .648 .673 
3 .638 .676 
12 .640 .668 
13 .648 .671 
13 -643 -679 
3933-6503 3933-6744 


The exposures were confined to regions on the disk outside of the 
faculae and flocculi, as in the case of K, in the preceding section, and 
therefore represent the general chromospheric vapor producing K,. 

In the measurement of the bright components of K,, the method 
suggested by Adams? was followed. 
is the wave-length of one of these components, and d the difference 


“Tt is evident,” he says, “if a 


* Contributions jrom the Mount Wilson Solar Observatory, No 6; Astrophysical 


Journal, 23, 45, 1906. 
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of wave-length between the absorption line and the second component, 
that the center of the whole bright line is given by a+d.” 
Measurements made in accordance with this method give data for 
the calculation of the wave-length not only of K,, but of K, as well, 
TABLE IX 


WAVE-LENGTHS OF K, AND K; AT 35 mm FROM THE LIMB 


Plate Date | kK, 1 
1909 | 
Sey (thi 2a, November 24 3933-656 3933-673 
Oe cas, « Wal >.< ne iy 24 .645 .676 
MEA WY ene «cick 6 ees oa ek ae 24 .656 .683 
MES Oe eae ee RE 4 24 .650 .683 
COP ANU RiGee eee ae 4 24 .643 .671 
TOR Lk aetihee aunt ns 24 i 24 .642 .676 
esa EU a i ie So Bs ale Ls % 24 .658 .680 
ke phe ee ead © 24 5053 .683 
i Rod ce eR coset Men ie 24 .656 .682 
DE he Re Are ee ee 24 .653 .683 
oN of eke et ere ape eee 4 24 .646 .676 
"ES Ty Se Rrage Me Sanne ee Be - 24 .643 .683 
BOW ci nas Noes Ain ‘ a7 .630 .670 
CA ne eee eaegeeay ” 27 .642 .669 
RAEN Wont reen tis Aes aes coat : cs oy) : O93 .668 
RO PUPINN As oa. 4s a My ot es December 3 .643 .676 
IVLCADS exit dps. -% 3933 .6468 3933-6770 
TABLE X 
WAVE-LENGTHS OF K, AND K,; AT 50mm FROM THE LIMB 
Plate Date K, Kz 
1909 
BOOM WE soos soa Seon 3 December 13 3933 .640 3933 .682 
Rae Se ae ete re 1} .641 .682 
Pee Wk. wi Jaita cen es 3 Ades Sy 13 .642 681 
2 OE Race Ree ee aa 13 .657 .683 
CIN EA Sen Sens ee 13 .656 bOTO 
OO) Aeon gee ees ee = 13 .653 .680 
REPT WAVY pO es cx, nea ee ee ee 23 .624 .673 
ES lg Ae ae ee eee eae ‘ 23 .639 .683 
POM Eee ec Abe exe ats ese ae 23 .651 681 
OR A Ty eerily Me, shee Poh M3 vie .651 .672 
PAPRIG ied he eee 3933-6454 3933 -9793 


— 


and in fact part of the results already given for K, in Tables II-IV 
was derived from this material. For completeness these values are 
reprinted in Tables VII—XII along with the additional results for K, 
and the values of K,. The figures in parentheses refer to successive 
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exposures on the same plate. Table VII, however, does not give 
directly the values of K,. 

On the plates 1 mm from the limb the emission components are 
very broad and strong, and, as far as‘the eye can judge, symmetrical. 
They are too broad, however, for a determination of the wave-length 
of K, by the preceding method. But on 30 of these plates, selected 
for clearness and sharpness of definition and measured primarily 
for the purpose of obtaining the widths of K, and K,, it was found 
that; on the whole, the V K, component was wider than R K,, thus 
indicating a shift of K, relative to K,. This result permits an indirect 
determination of the wave-length of K, for the point 1 mm from the 


TABLE XI 
WAVE-LENGTHS OF K, AND K; AT 68mm FROM THE LIMB 


Plate Date kK, K, 
190g 

5135 Sea teaes See Seneca December 23 3933 653 3933 .680 
(2) ce ak se ee eee 23 .648 .677 

C2 y Etat ok ae eee % 23 .645 .678 

Oye RES SS! PASO tec ie 23 nOn7 .680 
CAPES ae Ras ce Pane” 23 .632 .680 

Coy) Witte ah Ot eo tear cs a3 .629 .675 
Chi Re ae oe ee 23 .624 684 
E2OF U2 TOV cat ee ie ca eee eee ze 24 .661 .680 
CBW 2 Soitins al art See te " 24 .648 .678 

Ge) Ol DR scr odh Oe re 24 .639 .687 
MGansie aa) ie eae 3933 .6416 3933-6799 


limb. ‘The differences in width of the components of K,, expressed 
in Angstréms, and the corresponding values of the wave-length of 
K, are given in Table VII. The mean difference in width of the 
components of K, is +o0.0074 A, and indicates that here as elsewhere 
on the solar disk the vapor producing the emission line K, is rising 
relatively to that producing the absorption line K,. The mean 
wave-length of K, from all of the plates 1 mm from the limb is 
3933-6674. Since the shift of K, relatively to K, is one-half the 
difference in width of V K, and R K,, it follows that the wave-length 
of K, at 1 mm from the limb is 3933.6637. The corrections to be 
applied to reduce these values to the limb will be given later. _ 

It will be noticed that there is a progressive shortening of the 
wave-length of K, and a progressive lengthening of that of K, as the 
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point of observation recedes from the limb toward the center, so that 


the difference between the wave-lengths of K, and K, increases 
continuously from the limb to the center. 


TABLE XII 
WaAVE-LENGTHS OF K, AND K, AT CENTER OF SUN’S DISK 


This result is clearly shown 


Plate Date Kz K,; 
1909 

oR id ee a ne ee November 1 3933-054 3933 -685 
RR eee Re RE ek eGo: > I 655 .680 

On pte ee eae ea aa a I .645 .677 

EP en eee ie I .662 .690 

Ry Se otras. Wad 2 ae naka sie 8s + I .644 .674 

co ha ee ee eer % I .653 .680 

Sh: MPN are teen ze I .648 .687 

SEE eR eels) eee ee 3 3 .637 .679 
29) SS a ace h 3 .654 .680 

RA Wi etn, KBR Reb ie: Syee esas ¥ 2 .651 .690 
eres Sot ashy ee tes ‘ 3 .645 .684 

Mae adres A tegen +3 3 .645 .679 

Mma Me tr Liat ts gre Ute, 2s Se 3 .638 .679 

Oe Ve ei alo Oy BG cde 1S = 21 .642 .680 

BS ect dates c.eraivdtcns yah 3 645 .668 
Dai ete eden tte. SS 3 .628 .682 
Rete ee spe Bn eyo ar ‘ 3 .642 1077 
EI OC AOE ree ; 3 .646 .679 
tC SR eee eee a 3 661 .678 

Ro Vetse are eaeer iS pes ke He 2) 045 685 

Ea YIO hl eee Rae gn ie 3 645 .674 

0 Si eee cree eee s. 3 .640 .682 
WEOVAN gs Stra ols. ai an 8 a 2 .647 .675 

OT ugh Go SE aE, areas eee eens oh 23 645 .675 
CN rtees angst Nah ge te age ¥ 23 645 .676 
ae Se ee ieee fe oe} .647 .686 

0) ERASE 77 ae ee a P24 .627 .689 
ental hee heats one) ah ‘ 23 635 .697 

hg OTE a EE Coe ee eae ; 23 .635 .697 
EO OR en, aoe CRO a 23 .631 .683 
EY ia tte « Aims sg" "4 23 .636 .682 

ih eo RN, ae Sere har ‘< 23 .639 .678 

CBee ay BARN to ans Ee oe ape: .638 .677 
Ce te tee Bees i 22 .642 .689 
Mie Varese, wc ls ae s 23 027 .688 
ea es Oe ee ee eee ms 27 .636 681 
PA Teaai ee oe xa eit als si 27 TOT .675 

C0 ce SRN Ee tai eR a Pig. .621 .671 

Pear nes oe eof. 1 Sete nf oF .625 685 

Ge) ee cess pk, cu ctee tis 2 yr ia 27 io27 .671 
Meaney. icone 3933-0410 3933-6811 


by Table XIII which contains the weighted means of all of the values 
for K, and K, given in Tables II-IV and VII-XII, and the respective 


differences in wave-lengths, for different distances from the limb. 
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The figures in parentheses are the weights of the corresponding 


mean wave-lengths. 


In general these are proportional to the number 


of exposures used, except for the point 12 mm which has been given 
a smaller weight for reasons already stated. 
The falling of the K, vapor indicated by the results of the preceding 


section is even more definitely shown by the data in Table XIII, and 
at the same time there is an equally positive indication that the K, 
calcium is rising. 


TABLE ZAIit 
WavE-LENGTHS OF K, AND K, AT DIFFERENT DISTANCES FROM LIMB 
Imm 12mm 35 mm 50 mm 68 mm Center 
Kz ....-6-: 3933 6674 (63)| -6746(34)) .6770(8)| = .6793(5)|_ —-- 6799 (5)| 6804 (63) 
Kaye cae 39033-6637 (24) .6503 (12) .6468 (8) .6454 (5) .6416 (5) .6410 (20) 
Kg—K,si..) 40.0027 +0.0243 +0.0302 + 0.0339 +-0.0282 + 0.0394 
o-ci ss —OnOOop —TOmooiles — 0.0007 + OnOOOL (0) (06/921 — 0, OO 02 
) Koel 4070008 —0.002% +0.0008 +0.0020 0.0000 0.0000 


The evidence is most clearly 
agreement of the observed values 
with an equation of the form 

AL +AA cos F=A 
in which Ay is the wave-length at the limb, AA the change in wave- 
length in passing from limb to center, and £ the angular elongation 
from the center of a point for which the observed wave-length is A. 

Least-squares reductions based upon the data in Table XIII give 
the following results for the wave-lengths at the limb and the changes 
in passing from limb to center: 


presented by exhibiting the close 
of the wave-lengths of K, and K, 


AL AA 
bE RR Gs cy 3933 .6655+0.0004 +0.0151+0.0006 
Kava ee 3933 .6668+0.0010 —0.0258+0.0014 


The appended quantities are the probable errors. The corre- 
sponding residuals for the observed values are given in the last two 
lines of Table XIII. The results are shown graphically by Fig. 1. 
The abscissae are distances from the limb, one division corresponding 
to 1mm. The ordinates are wave-lengths with one division equal 
to o.cor A. The curves are drawn by points calculated from the 
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cosine law. That for K,, referred to the ordinate values on the right, 
has the line A 3933.6655 (wave-length of K, at the limb) as the axis 
of abscissae and corresponds to an icrease of 0.0151 A from limb 
to center. The curve for K,, referred to the ordinates at the left, 
has the line A 3933.6668 (wave-length of K, at the limb) for its axis 
and corresponds to a decrease of 0.0258 A from limb to center. The 
dots represent the observed data as collected in Table XIII. Con- 
sidering the scale of wave-lengths and the difficulties of measurement, 
especially in the case of K,, the agreement of the observations with the 
calculated curves is extremely satisfactory except for the point 12 mm 
from the limb on the K, curve, where, as previously indicated, the 
effects of temporary conditions are probably not eliminated to the 
same extent as elsewhere. The curves may be considered as repre- 
senting the prevailing condition of the vapors to which the respective 
lines are due, that is, a downward velocity for the vapor producing 
K, of 1.14 km per second, and an upward velocity for that producing 
the bright emission line K, of 1.97 km per second. 

Retaining the fourth decimal, the wave-length of the K line derived 
from laboratory investigations’ is 3933.6670+0.000 2, which is in close 
agreement with the limb values given above for K, and K,. It will 
be noted that the difference between the wave-lengths for K, and K 
in the arc is in the direction agreeing with the relatively low pressure 
conditions probably associated with the high-level K, vapor, and in 
view of the small pressure shift per atmosphere, viz., 0.002 A,? would 
tend to strengthen the evidence given later in this paper for the assump- 
tion of a low density in the case of the vapor producing the absorption 
line. ‘This fact cannot be regarded as of positive significance, however, 
since the difference involved is not greatly in excess of the probable 
errors; and moreover, the comparison is made between results 
produced under conditions so vastly different that causes other than 
difference of pressure might conceivably produce small changes in 
wave-length. 

As far as the writer has been able to ascertain, this is the first direct 
proof of the agreement of the solar or cosmic wave-length of a sub- 


™ Contributions from the Mount Wilson Solar Observatory, No. 44; Astrophysical 
Journal, 31, 143, 1910. 


2 Humphreys and Mohler, Astrophysical Journal, 3, 114, 1896. 
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stance with its wave-length in a terrestrial source, to the degree of 
accuracy obtainable in terrestrial comparisons. Only in the case of 
a substance like hydrogen or calcium, occurring at so high a level in 
the solar atmosphere that the pressure does not differ greatly from that 
of the terrestrial atmosphere, and for measurements from which 
line-of-sight motion may be eliminated, can such an agreement be 
expected. That an element can exhibit its characteristic properties 
under such widely differing conditions and in regions so greatly 
separated in space, thus emphasizing the essential unity of our system, 
is a fact of profound significance, and an accumulation of exact 
data establishing such agreement under terrestrial and cosmic condi- 
tions is very much to be desired. 


5. HORIZONTAL MOVEMENTS IN THE SOLAR ATMOSPHERE 


The idea of general currents in the sun’s atmosphere between the 
equator and the pole has appeared at various times. Their existence 
seems in general to have been assumed from analogy to the great 
movements in the terrestrial atmosphere; but the conditions produ- 
cing the terrestrial system of circulation, equatorial and polar regions 
of unequal temperatures, have never been observed in the sun. 
M. Deslandres, in speaking of vertical and horizontal currents in the 
solar atmosphere, says: 


Ce mouvement général était prévu par les théories de M. Faye, et les expéri- 
ences récentes de Mgr. Rougerie. ... . D/ailleurs, le courant de pdle a l équateur 
pourrait avoir lieu dans la photosphére, et le courant inverse de retour au-dessus, 
mais alors avec des vitesses croissantes pour des hauteurs croissantes. ! 


M. Faye states the following conclusion drawn from his study of the 
origin of sun-spots and the equal velocity of spots and the photo- 
spheric zones in which they lie: 


That these bands move nearly parallel to the equator and never exhibit 
currents that, as in the upper regions of our atmosphere, would be constantly 
directed toward the pole.? 


Oppolzer, when speaking of the upward and downward currents in 
the solar atmosphere and the interactions of their dynamic and ther- 
mal working, says: 

1 Comptes Rendus, 119, 459, 1894. 

2 Vogel, Populére Astronomie, Dritte Auflage, 317. 
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Die Folge davon wird sein, dass die vertikal abwiarts gerichtete Bewegung 
schliesslich aufhért und die oben nachdrangenden Massen gezwungen sind, 
ihren Weg seitwirts in horizontalen Bahnen zu nehmen.... . In den polaren 
Regionen herrschen aufsteigende Stréme, wie in unserer Erdatmosphaire am 
Aequator, die in einer gewissen Hohe als horizontale Strome gegen die niederen 
Breiten in lang gezogenen Spiralen ziehen. .. . . : 


To detect, if possible, any differences in the behavior of the calcium 
vapor between the polar and equatorial regions of the sun, a series 
of plates was taken at 12 mm from the polar limbs, with the results 
given in Table XIV. ‘The slit of the spectrograph is fixed in a verti- 


TABLE XIV 
WaAVE-LENGTHS OF K, AND Kz AT 12mm FROM THE POLAR LIMBS 
NortH SOUTH 
Plate Date K, K; Plate Date Kz Ke 
1909 1909 

41g (1)..2.| Oct-"30 | 3933.666 | .681 || 42047}... Oct. 408) 990227, 04S R ee 
(25a oie ee 30 .658 | .680 Clips Se ee 650 Aamo re 
CPE Se el oe .669 | .680 (2) $52 aoe eee OF tb eeres 
(Als aetiee 22G 7003) 7 O7E Ce re el ees -644: 07% 

GB yeas F ane a: 5660-1) £677 (SF nre | eee .640 | .678 
CO} aro .659 | .6976 Co) es aon .654 | 269% 

(2 Vetanetae 9 F330 O54) u. O95 Gamer Ae eis .663 | .679 

CS mares |e Sera FOSTC| .076 (8) gk eee se .645, | 675 

Aai (ij) INOW ant $0377 O75 1) 420001 Ve oie eo .632 1 2000 
(re - I .631 | +666 (Ay nea tees .635 | .679 
AZO ATI: 3 2 I .664 | .676 (5 oe awe .643 | .666 
(2 es - I 034701. 078 (Gio) eee Ree | Ake) .645 | .666 
(ee 4 I 2O4T fi wO'FA i 35 002) ea NOY sat 652.07 
C4). “¢ I :633 | .674 Caer aie I .664 | .681 
(5) . I -654 | .676 CA) ae I .652° | 2690 
(Ole i I .644 | .676 CG amet one I 651: og 
Gale * I .652 | .680 (0) eis eine I 1652. (Seo 
Cie. e T .644 | .680 Ga eT I .644 | .679 
CO) * I .643 | .669 (3) ee ea I -640 [aug 
age) ey is I 102% 1.082 COW cos eat ame I .637 | .680 
Means.... 3933.6506| .6760/| Means .... 3933-6471] .6761 


cal plane and there is no arrangement for rotating the solar image. 
For the dates of these plates the polar axis of the sun’s image formed 
an angle of 10° with the vertical. | 

The final means for Table XIV, and their probable errors, are 
compared below with those for points 12mm from the equatorial 


1 Vogel, Populdre Asironomie, Dritte Auflage, 328. 
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limbs as given in Table XIII. The figures in parentheses indicate 
the weights. 


Equatorial Limbs Polar Limbs 
Koes ht 63093. 050s 0,,0008, (12) 3933-6494 0.0011 (16) 


ine ioe eee ae ae 3933 -675 £0.0003 (34) 3933 .676+ 0.0004 (16) 


The very high-level calcium vapor producing the absorption line 
K, is particularly well adapted for an examination of the suggestion 
made by Deslandres that the current from the equator to the pole 
is high up in the solar atmosphere and has increasing velocities with 
increasing heights. This vapor ought, therefore, from its extreme 
altitude, to show the maximum effect. The velocities demanded 
by the Oppolzer theory are low. ‘The shortest time he suggests for 
the movement from the pole to the equator isa month. Such a move- 
ment taking place in six months would produce a shift in the K line 
of o.cor2 A, which is greater than the probable error for the present 
measurement of the K, line. Unless the motion is common to the 
high-level calcium vapor and the low-level iron vapor of the reversing 
layer which supplied the secondary standards used, such currents 
between the equator and the pole cannot greatly exceed the velocity 
suggested in the preceding sentence. The high-level currents sug- 
gested by Deslandres and Oppolzer are in opposite directions. ‘The 
practical identity of the wave-lengths of K, and K, in the polar and 
equatorial regions would, however, negative both hypotheses in the 
case of the calcium vapor producing the H and K lines. At a point 
12 mm from the limb 85 percent of a horizontal motion would appear 
as a line-of-sight velocity, and in case of opposite motions in the upper 
regions and in the reversing layer the relative effect would be greatly 
increased. ‘The absence of any observable effect for calcium vapor 
is conclusively shown by comparison of the measurements for the 
polar and equatorial limbs. 


6. WIDTHS OF H AND K AT CENTER AND LIMB 


The change in width of the calcium lines H and K in passing from 
the center to .he limb is very marked. There is also a change in the 
relative width of Hand K. The absolute measurement of the widths 
of spectrum lines presents great difficulties, but for similar lines, 
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measured under the same conditions and in immediate sequence, 
considerable weight can be given to the relative widths when the num- 
ber of lines is sufficiently large. Measurements were made of H, and 
K, on 22 plates taken at 1 mm from the limb, and upon 20 plates 
taken at the center. In these cases, of course, the second slit was wide 
enough to admit both H and K, so that the exposure time and develop- 


TABLE XV 


RELATIVE WIDTHS OF H AnD K 


Imm FROM LimMB CENTER 
Plate H, K; a H; K, he Plate H, K, a 
120 (1)...| 0.315] 0.360] 1.14] 0.598] 0.680] 1.24) 328 (1). 25) Opt 1G Onn so) ees 
(2). &.| 10. 338) O.. 372) “Te TOnss 070s Oss 718 GOO, (2) O.110| OF 134) ten 2 
199 (1).2.4°02333) 0.394! te 13) 0: O57, 0700 ie One toot) 0.126) "0. 154) steee 
(2) 25. 0:320) 05347191 [O01 Oy 7OOlZ0n 707s Err 2 (2) 0.124}0.145 10 2a 
204 (1) 2. +) 0.326) 04 284)"1 4 41 cor 72 Of 705) Teo7k Taam 1p O. 113) OfI4thepeee 
(2).. «| 05358) 02285) 11.08) (0.050) (05738) "1-08 (2) 0.104] 0.128] 1.23 
209 (1)-5 170.328) cOv274leina ay) aero a) ae eee cP eT Ont ky O.110|°O.142) Bezo 
(2) Sa: 0X2 FOlwOl2EL iad Lai awaken eens (2) 0.123] ©. 14G)erams 
229 (1) ss." O.2905)40.350) 1217) 01084) c.7Ociar 11ado 11) @.137| Oc TO20earmg 
(2) nce) O28 5) (0222.7) CL Tay) Gteeaaier weie 2) 0.128] 0.1539) eneae 
234 (1) 4: },053201-@2250) 1.30 0:722\0c740lat ost ania) @.130f 02163) roa 
(2) 22 90,5303) 0x45) 012 DANO 2702)20.75 2\eInoe (2) 0.127!) 0.15 3(ef.20 
248 (1)..<h 0:3To) 013581 °1.26) 0.684|>0. 710) er -04)/ e212 (7) O.F23| 0.140) aaa 
(2) 25 al) 05302120 4.220) 414 OS\a0, OO AN O ay 25) On (2) Ov 40) O41 Tipe tee 
262.(1) 52.) 0-205) G2340l I, 16140 -75 7) Oa7 fyi Osts kena) 0.145| 0.165} 1.14 
(2)... -}'O22031 20g 320) stator y2ainOL 74 ty doe (2) 0.138} 0-164} 1.19 
5LO.(f) =) 023.9540. ALO eis 00nOo0 S907 411 ai Oo (3) 9.127) 0.545) etamen 
(2)... 07350) 0.4241 1) 95))047021)02Sa0er 00 (4) 0.116) 073 22pm ieee 
(3). Ks 9023521501383) MOON nein ceo (5)...| 0-234] 02140) mare 
(4) el OP2OL On 25) aed 2h ee geet iia (6)...] 0.148] OF1 76) ee 
(S) an sf OF222 ho eer ol ats ti en mami ieL. 
(6)... }2O 0222) *One5 Sie rend ee tn ee 
Means ©. 300), O2345). a1 13) "0, 72090 2750). 1507 0.128) 6.150) ners 


ment were the same for both lines. H, and K, were measured on 
15 plates taken at 1 mm from the limb, but width measurements were 
not possible for H, and K, at points representing the ordinary condi- 
tion of the vapor, on plates taken at the center. The results are given 
in Table XV, in which widths are expressed in Angstroms. 

The writer showed in a previous paper’ that in the case of the 
lines produced in the arc the relative width and intensity of K to H 


* Contributions from the Mount Wilson Solar Observatory, No. 44; Astrophysical 
Journal, 31, 143, Igto. 
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increased as the lines became narrower as a result of decrease in the 
density of the vapor. The condensed data for the arc are given below 
with the mean results for H and K at the center and limb of the sun. 
The last line refers to the relative width of H, and K, at points where 


the lines are locally strengthened. 


Source Width Relative Width 
H K K+H 
Arc, 13 bright lines... og 0.147 Ov-lF7 1220 
Arc, 12 absorption lines........ 0.064 0.087 LEO 
iE: kK, K,+H;, 
SRPIE PERI O 2 HINES Ses ow ka 0.306 0.345 ves 4 
madisrcernter, 26, 11Ines,,..0. 0... 0.128 0.150 es iy 
| H, kK, K,+H, 
SUI ews, 15° HNeS.. cewek sh). . an71o 0.759 1.07 
Serrancet 74 INES rs of Alerr Blade aes hon) © le eered I..09 


The ratio of K, to H, increases on passing from the limb to the 
center, thus showing an increasing preponderance of K, over H, 
similar to that shown by K over H when the vapor in the arc decreases 
in density. An explanation is readily found by assuming that the 
vapor producing the absorption lines H, and K, exists in a relatively 
thin high-level layer in which the effective depth of vapor producing 
the absorption lines rapidly increases as the limb is approached. The 
same conditions, of course, explain the absolute increase in width 
of H, and K, on passing from the center to the limb, the mean width 
of K, at the limb being 2.3 times its width at the center, and the mean 
width of H, at the limb being 2.4 times its width at the center. The 
fact that H, and K, continue to increase in width, however near the 
limb is approached, would indicate that even at the limb the effective 
depth is not sufficient to produce black-body absorption. The 
widths of H, and K, at the center of the sun’s disk are about twice 
the widths of the corresponding absorption lines for a moderate 
amount of vapor in the arc, and less than the widths of the correspond- 
ing bright lines for a small amount of vapor in the arc. From this 
low absorptive power in the sun’s atmosphere it would appear that 
the vapor of calcium in the solar envelope producing these absorption 
lines must be of very moderate thickness and, owing to its high tem- 
perature and low pressure, exceedingly rare. The ratio of the width 
of K, to H, at the limb is 1.07. From this low ratio it follows by the 
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same line of reasoning that the quantity of vapor producing the emis- 
sion lines is greater than that producing the absorption lines. The 
same fact is also shown by the greater absolute width of the emission 
lines. The measurements of the widths of H, and K, at the center 
were not in general possible, but at points of local strengthening the 
ratio of the width of H, to K, was found to be r.09. ‘The increased 
preponderance of K, indicates, as in the case of K,, a less effective 
layer at the center than at the limb, but the change in effectiveness 
between limb and center is much less than in the case of the K, absorb- 
ing vapor. The absolute widths, however, are greater near the limb, 
and by their continued increase indicate that even at the limb the 
vapor is not sufficiently deep and dense to produce black-body radia- 
tion. ‘The vapor producing the emission lines is probably at a middle 
level and in a stratum thicker and under greater pressure than that 
producing the absorption lines H, and K,, and probably of greater 
density also, the latter depending, however, upon its temperature. 
The question of its temperature and consequent increased radiating 
power will be discussed later in this paper. The intensity of H, and 
K, near the limb is also very much greater than over the general disk. . 


7. DISTRIBUTION OF THE CHROMOSPHERIC CALCIUM VAPOR 


To investigate the distribution of the chromospheric calcium 
vapor, and determine the thickness of the absorbing and emitting 
layers, a series of plates was taken with a radial slit. The spectro- 
scope was the 30-foot Littrow described as No. 3. It was used in the 
first order with exposures 12 to 20 times as long as required for the 
center of the disk. Points were chosen 30° apart around the limb 
and those spectra selected for measurement which seemed to represent 
the general chromosphere, that is, outside the vicinity of prominences. 
The plates were developed strongly until the spectrum of the skylight 
showed distinctly. ‘The broad shadings in the atmospheric spectrum, 
due to H, and K,, permitted this treatment of the plates and were 
favorable to the bringing out of the chromospheric lines. ‘The meas- 
urements are extremely difficult to make as it is quite impossible to 
be sure of the extremity of bright lines which gradually fade out, and 
equally difficult to determine the point where the lines due to the lower 
layer of vapor producing the bright disk lines blend into those due 
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to the high-level vapor. As one examines the lines he is quite easily 
convinced that the lower layer is far the thicker of the two. Near 
the photosphere the lines are still reversed, consisting of very bright 
broad lines, with relatively dark centers. The bright components 
grow narrower and weaker and blend into the more extended central 
portions. ‘There is an apparent increase in the intensity of the cen- 
tral line just as the two components lose their identity. ‘This was of 
assistance in forming a judgment as to the upper limit of the originally 
emitting vapor. ‘The measurements are given in Table XVI, where 
the heights above the-photosphere are given in millimeters with the 
equivalent of the means in kilomet ers and in seconds of arc. 


TABLE XVI 


HEIGHT OF THE CHROMOSPHERIC CALCIUM. MEAN DIAMETER OF 
SuN’s IMAGE 174 mm 


Plate H, Kj H, eae 
mm mm mm mm 
Se ee gee 0.460 0.464 OnE. 0.219 
rae. heed: 0.400 0.548 0.130 0.169 
Me Beste wae 583 ae, 0.393 0.461 0.144 Onl2er 
Se © Crear ee 0.398 0.481 o.1g0 0.200 
Eo i parr eee 0.474 0.491 0.194 0.212 
fA ts patents 0.405 0.407 0.188 0227 
Oe ae eee 0.340 0.363 0.126 0.190 
EB ke Toe eae 0.419 0.494 OLzo2 OnoIG 
Lets iia ees 0.342 0.345 0.140 0.142 
Cree eee eet 0.329 0.350 0.194 O.200 
Cnc a ee 0.403 0.437 0.1908 0.209 
+ Bo ee 0.389 OF4a72 OP115 0.118 
Reet ee a1 0.443 0.530 Gori 0.185 
Means... 0.400 _ 0.450 0.159 0.185 

. 200 km 600 km 1270 km 1480 km 
Hews... s ie = "o z Bs ate 


A high degree of precision cannot be attributed to the separate 
measurements but from their general agreement some definite con- 
clusions can be drawn. The height above the photosphere at which 
the calcium vapor still shows the K line is 600 km greater than that 
at which the H line disappears; that is, the outer 600 km of calcium 
vapor is not sufficiently dense to emit the H line to a sensible amount, 
though still emitting the K line with an appreciable intensity. This 
is in harmony with the increasing relative intensity of H to K in the 
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arc with decreasing density of the calcium vapor, and with the increas- 
ing relative width of K, to H, in passing from the limb to the center 
of the sun. The K line, therefore, is the most persistent line due to 
the vapor of calcium. 

The upper limit to which the general chromospheric calcium 
extends in an appreciable quantity is approximately 5000 km or 770 
of arc. The outer 1500 km may be assigned with considerable cer- 
tainty to the vapor producing the absorption line K,. The upper 
limit of the layer producing the emission line K, is then approximately 
3500 km. Its lower limit may be assumed to be that of the upper 
reversing layer, that is, approximately 700 km. It is of interest to 
compare the mean height of 53’ found by Belopolsky,* who gave 
attention only to the calcium in prominences and over faculae at the 
limb, with these results which aim to give what may be called the 
normal elevations at which the calcium can be detected, in undisturbed 
regions, by the instrumental equipment employed. 

Assuming these thicknesses for the respective layers, it is possible 
to determine the change in the depth of the layers in the line of sight 
on approaching the limb, and to compare them with the changes 
in the width of the line. With a solar image 172 mm in diameter, 
such as was available for this investigation, and with 697,000 km 
as the semi-diameter of the photosphere, the following results were 
obtained for the thickness of the layers: 


At the Center tmin From 1G 9) Apa he ane 
Reversing layers... =. o-700 km 4,600 km 31,800 km 
Koo: ort eee 700 km—3500 km (2800 km) 16,400 km 62,300 km 
Kangen cle cae 3500 km-—soo00 km (1500 km) 7,780 km 45,800 km 


The effective depth of the layer assigned to the absorbing vapor 
is 5.2 times as great at r mm from the limb as at the center, while the 
mean width of K, at 1 mm from the limb is 2.3 times its mean width 
at the center. The measurement of the width of K, at the center 
could not be made on the general disk. Its width at the limb relative 
to the width of H, at the limb is 1.07. The small value of the ratio 
points to a layer of such great thickness or density that the change 
in the depth of the layer on passing from the center to the limb would 


' Mitteilungen der Nikolai-Hauptsternwarte zu Pulkowa, 1, 157, 1906. 
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be much less effective than in the case of the absorbing vapor, since 
the relative width of H to K changes most rapidly when the density 
of the vapor is very low and the intensity of the lines is weak. As 
shown on page 63, the ratio of K, to H, at points at the center of the 
disk, where the line is greatly strengthened over faculae, is 1.09. 
The slight increase in the ratio at the center is in accord with the 
assumption that the lines are so strong that a considerable increase 
in thickness and density would not alter the ratio greatly, and hence 
is not in disagreement with the great increase in the thickness of the 
layer assigned to the emitting vapor, in passing from the center to 
the limb. 

The quantitative relation connecting the width of a spectrum line 
with the thickness of the layer is unknown. The conclusion from 
the laboratory results is stated by Kayser as follows:' 

The width of lines is increased by the thickness of the layer only in those 
cases in which the curve representing the distribution of intensity within the line 


falls away slowly on one or both sides, not, on the other hand, when the form of 
the curve is steep or almost perpendicular on both sides. 


The distribution of the intensity within the H and K lines corresponds 
to the first condition, and it may be assumed for these lines that 
increased thickness of the radiating or absorbing layer acts in the same 
direction as increased density. Layers of calcium vapor in the solar 
atmosphere lying between 700 and 3500 km and between 3500 and 
5000 km would be consistent with the observed variations in the 
widths of K, and K,, respectively, in passing from the center to the 
limb. | 


8. THE WAVE-LENGTH OF THE ABSORPTION LINE H, 


For reasons already given, the original plan was to limit the inves- 
tigation to the K line of calcium; but, on certain plates taken for 
comparison of the iron arc with the center of the sun and subjected 
to strong development to bring out the lines in the broad shadings 
of H, and K,, the H, line was particularly well defined, and it was 
possible to measure it with a good degree of accuracy. The iron 
lines A 3966 and A 3969 were used as solar standards for H,. The 
wave-lengths of these lines in the arc have been measured by the 


t Handbuch der Spectroscopie, 2, 296. 
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writer with reference to the Fabry and Buisson standards and their 
wave-lengths found to be 3966.068 and 3969. 261 respectively.‘ The 
results for the corresponding solar lines, determined from comparison 
plates for the iron arc and center of the sun and corrected for the 
rotation of the earth and the eccentricity of its orbit, are given in 
Table XVII. 

TABLE XVII 


SOLAR STANDARDS FOR H, 


Plate Date A 3066 A 3960 


1909 : 
BOO Ais ete ee October 6 3936.075 ~ 3969 . 269 
208s nates He eee ee 6 Mowe Aiea 
AG 3s ad Sey pga ae oe PH x .074 205 
AO 3). Ghee iy te ee ee aaet & -O72 20g 
4OOs 7: ise ee ee one SG £070 5204 © 
IM Ga Bs eirest he tak ee 3966 .072 3969 . 267 
AnGr ee cto Pee ees 3966 .068 3969 . 261 


The displacements between center and limb are assumed to be 
0.005 A—the mean of the shifts for 4 3930 and A 3935 given in this 
paper and of shifts of other iron lines in this region as found by 
Adams.?. The results for the wave-length of H, at the center of the 
disk are given in Table XVIII. 


TABLES Vitti 


WaveE-LENGTH OF H, AT THE CENTER OF THE DISK 


Plate Date H; Plate Date isk 

1909 1909 
2o4 1) 2 seer October to 3968 . 489 412) (Ajeoen 1) Octobers£o 3969 .498 
AOS3( 2) ses mae ss 15 eA s ATS (Tyee ae S16 .487 
405563) =e ce eS ey 2's .491 AES (BNA) en: poe Tete: .494 
AOS (4) aaa ata A .487 ALSS( 3) Sree eee .491 
AOC TD) meee rs .491 APAN Taare me tat te .489 
AOOUCZ eee wee ski .492 ATAS) Soa LO .488 
AOON 3 ate i 16 .492 404. (2 eae ae LG -491 
44215) Gae Selo .496 A£4 (4) eee ee etG -495 
AL24 2) aes + at .492 ALGILL eee i eae FO .484 
ALD CS) opiate eto 469 At" (2 seen el EO 491 
IM Ca nunca 3968 . 492 Means 3968 . 401 


* Contributions from the Mount Wilson Solar Observatory, No. 44; Astrophysical 
Journal, 31, 143, 1910. 


2 Contributions jrom the Mount Wilson Solar Observatory, No. 43; Astrophysical 
Journal, 31, 30, 1910. 
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A few plates were taken at 1 mm from the limb for comparing 
the widths of the H and K lines. Upon these also the wave-length 
of the H, line was measured with the results in Table XIX. 


TABLE XIX 
WavE-LENGTH OF H, AT I mm FROM THE LIMB 
East Limes West Limp 
Plate Date H; Plate Date H,; 
1909 1909 

EAR ee voces oc March 9 3968 .479 Lo Cree eee: March 9 3968 . 480 
Ar are pee are .469 LAG a css i UNTO .478 
2 en ea ead. . 469 TR Se cee ae ae es .472 
BENS ie Cg a a ‘3 31 -475 TOO se eee ocr a5 .479 
eis) ee Ari 1 .469 2O4 ce merce. April 1 .486 
2430 ae * 9 .480 SO ects a 9 .487 
Bese ay =. 4 ee) .481 BOO ah See ets .479 
PAA sb s S ae As, .489 CAC Mee eae ra ea Le, .478 
BE ga indal- v8 eet 2° .479 Peewee ses See .483 
Sie asa area .481 BES Iee ick sae me ee .480 
RSE ts) 3968 .477 Meant. 6938 .480 


The results deduced from the measurement of H, show a satis- 
factory agreement with those of K,, especially when it is considered 
that they depend upon only one-third the number of plates and con- 
sequently may be more affected by temporary conditions. ‘The 
wave-length of H, at 1 mm from the west limb exceeds that at I mm 
from the east limb by 0.003 A, indicating a higher rotational velocity 
of the calcium vapor than of the reversing layer, in harmony with 
the results for K, (p. 50). The wave-length of H, reduced to the 
limb is 3968.476. The following tabular arrangement exhibits 
the agreement between the measurements for the two lines. 


Hs; H3—Harc K; K3—Karc 
(TEE 2. ne ge ag a 3968 . 491 +0.015 3933-681 +0.014 
mpn-from limb... 62)... 3968 .478 +0.002 3933 .667 +0.000 
U9 |g ae a a 3968 .476 0.000 3933 .665 —0.002 
EME PE 8 tas alone Ss ain, § 2000244 Gael § pene. 3023 GO beh arses 


_ The weights of the measurements for K, are much greater than 
those for H, because of the larger number of the K, plates and their 
consequent wider distribution in time, thus eliminating the effect due 
to exceptional conditions, and because of the cleaner and better defined 
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character of the K, line. The main conclusions in the paper are 
based therefore on the measurements of the K, line, confirmed as 
they are by the result for the H, line. 


Q. RELATIVE WAVE-LENGTHS OF H AND K IN THE SUN 


Adams calls attention to a probable error in the relative wave- 
lengths of the Hand K lines as given in the Rowland tables.’ Various 
determinations of the arc value of this quantity are as follows: 


H—K IN THE ARC 


Rowland ®.. : (hee vice = ono oe 34.808 A 
Jewellt.2...« ot patie eee 34.809 
Adams*-.05./ve cyaitepni acne: 34.811 
St. Jolin r,,. sees ee eee 34.809 
Meany 223). 2a) eee eee 34.809 A 


* Contributions from the Mount Wilson Solar Observatory, No. 44, pp. 1 and 6; Astrophysical 
Journal, 31, 143 and 148, 1910. 

According to these measurements, the difference between the wave- 
lengths of H and K in terrestrial sources is 34.809, with a very small 
probable error. The similar behavior of these lines in terrestrial 
sources would lead to the expectation of similar behavior under solar 
conditions. The relative wave-lengths of H, and K, at the center 
of the sun, found by practically the same observers, are as follows: 


H,—K; IN THE SUN 


Rowland’s tables#y) once 34.800 A 
Adains.i23.3¢ 2 soa ees 34.810 
‘Lhis- pa per....© < tae ae eee 34.810 


There can be little doubt, as Adams points out, that the relative 
wave-lengths of H and K in Rowland’s tables are in error by 0.010 A. 
It remains to be determined where the error is and how it is distributed 
between H and K. Using the wave-lengths given in Rowland’s 
tables for the iron lines A 3930, A 3935, A 3966, and A 3969 as stand- 
ards, the following results are obtained for H, and K,, based upon 
the measurements used in calculating the wave-lengths given in this 


‘ Contributions from the Mount Wilson Solar Observatory, No. 6, p. 8; Astro- 
physical Journal, 23, 52, 1906. 
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paper from the secondary standards of Fabry and Buisson. For 
comparison the wave-lengths of H and K given in Rowland’s tables 
of solar wave-lengths are also shown. 


H K H—K 
Rowland’s tables........... 3968 .625 3933 .825 34.800 A 
RRs PRNIIEL Gh eure si. oe es 3968 .634 3933-824 34.810 
renner TeSUItS: mica |e! eck patron Wl ue cok Baie 34.809 


There can be little doubt from the above comparison that the 
error in the relative wave-lengths of H and K referred to arises from 
an error in the measurement of the H line in the solar spectrum. 
Such an error, if existing, would on a priori grounds be looked for 
in the measurement of H rather than in the measurement of K, for 
reasons, emphasized already in this paper, depending upon the char- 
acter of the lines and their immediate surroundings.! 


I0o. DISCUSSION 


The appearance of the broad H and K bands in the solar spectrum 
has been noted by several observers. The general survey of the solar 
surface outside of spots and faculae made in this investigation shows 
the universal presence of the absorption line K,, with a mean width 
at the center of the disk of 0.150 A, and also the practically universal 
presence of the bright line K,. This emission line is easily manifest 
at all points of the surface except near the center of the disk, and even 
there by properly timed exposures and strong development it can 
always be obtained. It varies much more in width and intensity 
than the absorption line K,. Hundreds of plates have been examined 
for the breaking up of the broad shading of K, into the system of lines 

t In this connection reference should be made to the wave-lengths of these lines 
found by Belopolsky, whose paper, ‘“‘ Untersuchung der Ca-Linien am Sonnenrande”’ 
(Mitteilungen der Nikolai-Hauptsternwarte zu Pulkowo, Band I, 164, 1906), has just 


come to hand. The copy in the Observatory library was lost in the fire on Mount 
Wilson. 
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noted by Jewell,t but no evidence of such a resolution of the lines 
has been found. The source of the high radiating power of the 
vapor producing the emission line K, has been attributed by Jewell 
to the impact of the collision, or the friction, between the falling 
meteoric matter to which he attributed the production of the absorp- 
tion line K, and the ascending vapor. Hale and Ellerman suggest 
that it may not be entirely temperature radiation, saying:? 


From a strict application of Kirchhoff’s law it would appear that the calcium 
vapor in the lower chromosphere is actually hotter than the calcium vapor which 
lies above and below it. It seems improbable that the law can be rigorously 
applied in this case, and hence it may be necessary to attribute the strong radia- 
tion of the intermediate layer to causes other than temperature alone. .... 
The evidence afforded by photographs taken at successive levels goes to show 
that in passing from the lower K, region up into the K, region, the calcium vapor 
increases greatly in radiating power. For example, eruptive phenomena, which 
are quite inconspicuous when photographed at the lower K, levels, become more 
and more brilliant as the second slit is moved for successive photographs nearer 
and nearer to the center of K. 


This last is very remarkable inasmuch as material thrown up by erup- 
tions would be expected to have a high temperature and, while passing 
through the K,- level, its pressure and density would be such as to 
broaden the line to the K, width. 

In this paper it has been shown that the mean upward velocity 
of the vapor producing K, is 1.97 km per second, and the mean 
downward velocity of the absorbing vapor producing K, is 1.14 km’ 
per second. It is of interest to consider the loss of mechanical energy 
suffered by two unit masses of vapor approaching each other with 
these velocities on the supposition that by collision and internal fric- 
tion they are reduced to a common velocity. The resulting velocity 
would be 41.5103 cm per second and the total loss of mechani- 
cal energy 2421 X 107 ergs or an equivalent of 578 calories. A small 
fraction of the liberated energy would suffice to raise the temperature 
of the calcium vapor sufficiently to account for the increased radiation 
since, as King has shown, the H and K lines of calcium are high- 
temperature lines. He says3 that 

t Astrophysical Journal, 3, 108, 1896. 

2 Publications of the Yerkes Observatory, Vol. III, Part.I, pp. 16-18. 


3 Contributions from the Mount Wilson Solar Observatory, No. 32; Astrophysical 
Journal, 28, 389, 1908. 
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the production of H and K is more complex, but the furnace shows that they 
may be obtained if the temperature is sufficiently high . . . . without the aid of 
chemical action. .... They are to be rated as high-temperature lines by reason 
both of the temperature required for their production, and because their increase 
of strength in the furnace is closely proportional to the temperature—very much 
more so than in the case of \ 4227. 


And again, in a later paper:* 


The H and K lines show a very definite behavior when compared with repre- 
sentative arc lines, such as the group near \ 4300..... These arc lines are of 
fair strength at a temperature just high enough for H and K to become visible. 
As the temperature rises, H and K increase in intensity (though without decided 
widening) much faster than do the arc lines, surpassing at the higher furnace 
temperatures the strongest lines of the \ 4300 group. If this rate of increase is 
maintained at higher temperatures, the strength of H and K in the arc may easily 
follow. 


If the few hundred degrees between furnace and arc temperatures 
are sufhcient to account for the great change in the intensities of the 
H and K lines in the two sources, an increase in the temperature of 
the calcium vapor at the K, level of a few hundred degrees would easily 
account for the higher radiating power of the vapor producing K, 
provided a similar rate of increase in intensity with temperature holds 
under solar conditions; but here, as in all extra-terrestrial conditions, 
our only basis for reasoning is the extension of terrestrial laws. 

A theoretical value for the specific heat of calcium vapor may be 
obtained from the following considerations. Calcium is considered 
to be a monatomic element for which the ratio between the specific 
heat at constant pressure to the specific heat at constant volume is 
1.67. The external work done when a gram-molecule of any gas 

*is raised in temperature one degree centigrade under a constant pres- 
sure of one atmosphere is about 2 calories. In the case of a mona- 
tomic gas for which the ratio is 1.67 the total heat required to raise 
the temperature of a gram-molecule one degree is therefore 5 calories. 
The molecular weight of calcium being the same as its atomic weight, 
namely 40, its specific heat in a gaseous state would be 0.125. Assum- 
ing this value of the specific heat of calcium vapor under solar condi- 
tions, the 578 calories of heat resulting from the loss of mechanical 
energy would raise the temperature of the two unit masses of calcium 


1 Contributions from the Mount Wilson Solar Observatory, No. 38; Astrophysical 
Journal, 29, 381, 1909. 
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vapor 2300°C. Other matter, however, is also present, notably 
hydrogen, to share in the distribution of the energy, and the assumed 
changes of velocity are probably only partly realized. But with liberal 
deductions on these grounds, there might still be sufficient heat 
available to raise the temperature a few hundred degrees. The 
observed velocity upward may be a resultant velocity, in which case 
the original upward velocity would be 5.08 km per second, and the 
loss of mechanical energy fourfold that assumed above. 

The fact noted by Hale and Ellerman of the increased radiating 
power of the calcium vapor in passing from the K, to the K, level, 
even in the case of eruptive phenomena, would follow if the tempera- 
ture of the upper K, level were raised and its radiation increased by 
the meeting of the opposing ascending and descending currents at 
that relatively high level. The K, emission line is too narrow to 
admit of its being produced by a layer of highly radiating vapor 
reaching down to the photosphere, where it would be subjected to 
great pressure. Under such conditions it would have at many points 
a width equal to that of K,, a width to which it does not even approxi- 
mate. Over faculae and around spots, where such conditions must 
obtain if anywhere, it does not ordinarily reach a width of 0.75 A, and 
its edges are well defined, while Hale and Ellerman, in the case of 
H, and K,, were able to set the second slit of the spectroheliograph 
5 and 6 A from the center of the lines in photographing the low-level 
calcium and still obtain the characteristic distribution of the low- 
level vapor showing a practically effective width of 10 to 12 A for these 
lines. ‘The radiating power of the calcium vapor appears to increase 
progressively with increase of height above the K, level and to reach 
its maximum at a considerable elevation, and then to decrease rapidly 
with further increase in height. The facts point to a cause residing 
in the region of increased radiation which would be supplied by the 
transformation of mechanical energy suggested above. 

In stating that the vapor producing the K, absorption line is 
descending, it must be understood that the statement refers to the 
average or more frequently recurring condition. Differences in the 
measurement of individual lines and of different parts of the same 
line occur which are greater than the errors of observation and indicate 
wide variation of the velocities. 
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If the explanation of the high emissive power of the vapor pro- 
ducing K, suggested in this paper represents the true condition of the 
vapors, there must be a transition layer where the ascending and 
descending currents meet and intermingle, sometimes one prevailing 
and sometimes the other, though for the emitting vapor the result is 
a preponderating upward movement, while for the absorbing vapor 
the result is a downward movement on the whole. Such must be the 
condition of the opposing currents, since the upper level is continually 
reinforced from below, and in general as much vapor reaches the 
higher levels as descends from them. ‘The generality of the descend- 
ing motion of the absorbing vapor is at first surprising in view of the 
constant supply from the lower level. The more intense portion of 
the absorption lines, however, may be thought of as produced by the 
cooler vapors descending from the higher level. The upper levels 
of the intermediate radiating layer expand by decrease of pressure, 
cool, and continue to rise with a lower and ever-decreasing velocity. 
As long as their radiating power is comparable with that of the strata 
to which H, and K, are mainly due, their decreasing velocities would 
tend to shift toward the red the center of gravity of the H, and Kk, 
lines due to the more rapidly rising and more highly radiating vapor 
below. ‘This shift toward the red of the center of the emission lines 
would be masked by the central absorption line. In the transition 
state between effectiveness as an emitting and as an absorbing body 
these layers would not manifest themselves strongly. After their 
absorption becomes effective and the movement is only slowly upward, 
the effect would be to strengthen or widen on the violet side and 
weaken or narrow on the red side the absorption lines due to the cooler 
and more effective descending vapor, and more or less completely 
overcome the shift toward the longer wave-length, or at least change 
the character of the K, lines. The average width of K, at the center 
of the sun is 0.150 A and the average shift is 0.015 A, so that within 
the borders of the absorption line resultant effects might be produced 
which would show as changes of intensity and displacements of the 
center of gravity, such as are frequently observed. 

The slight astigmatism of the grating may have been an advantage 
in smoothing out irregularities of the lines due to variations of velocity 
in closely contiguous regions, so causing the preponderating velocities 
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to be more generally manifest. The same result is favored by the 
fact that a length of 4 mm of the line was in the field of view of the 
microscope and the setting of the cross-hair was doubtless somewhat 
influencea by the whole portion of the line in view. It was the prac- 
tice in obtaining the plates for Tables II-IV to make three exposures 
on the center, changing the position of the sun’s image upon the slit 
for each exposure. The one most suitable for measurement was 
selected; and occasionally two were measured, and not infrequently 
measurements were made at two or three points of the K, line on the 
plates of the imb and center, of which the means only are given in 
the tables. For these reasons the measurements for K, represent 
less completely the variations in velocity from point ‘to point than the 
resultant or preponderating velocity. The K, absorption line is 
then the integrated effect due to masses of calcium vapor differing 
in absorptive power and in velocity, in which the influence of the cooler 
descending masses is most pronounced. In regions where this 
absorption is effective, the intermingling of upward and downward 
moving masses of vapor must result in great turbulence over the 
general surface; but the data of this investigation show no evidence 
of the localization of definite regions where upward currents prevail. 

In the case of the vapor producing the emission line K,, the 
movement is one of ascent over the general disk, though its generality 
may be more apparent than real. It may rise through the photosphere 
at definite but closely adjacent points and expand laterally while 
ascending and so cover the surrounding region. ‘There are indications 
that this may be the true condition in the wavy outer borders of the 
emission line and the consequent beaded form of the line, which is 
sometimes very apparent. Careful comparison of the spectrum of 
the K line taken with a long slit and a calcium spectroheliogram, made 
in close proximity of time and with solar images of the same diameter, 
reveals complete coincidence between slightly widened and intensified 
portions of the line and the minute calcium flocculi. This is in har- 
mony with the working hypothesis adopted by Hale and Ellerman 
in which they say:? “It is considered that these minute flocculi are 
columns of calcium vapor, rising above the columns of condensed 
vapors of which the photospheric ‘grains’ are the summits.” 


1 Publications o] the Yerkes Observatory, Vol. III, Part I, p. 15. 


CIRCULATION OF CALCIUM VAPOR IN SUN aT 


In the measurement and reduction of the plates the bright compo- 
nents of the K line have been considered as part of the same line of 
which approximately the central portion is cut out by the absorption 
line K,. The satisfactory way in which the points fall on the curve 
shows that this point of view is without doubt the correct one. It is 
difficult to reconcile it, however, with the observations of Belopolsky, 
who says:" 


Bemerkenswert ist, dass die Componenten der Ca-Linien oft ganz von einan- 
der unabhangige, verschiedene Geschwindigkeiten (Verschiebungen) zeigen. 
Ich besitze Spectrogramme vom Jahre 1906, auf welchen die Linien H, und H, 
und K, und K, sich ausserhalb des Sonnenrandes kreuzen, ohne irgendwo 
zusammenzufliessen. 


The writer understands that the subscripts 1 and 2 refer to the red 
and violet components, respectively, of the H and K lines. Such 
behavior of the bright components of H and K would be very remark- 
able and indeed inexplicable upon any current conception. Confirma- 
tion of such anomalous effects would be desirable. In the plates 
taken by the writer with a radial slit across prominences, the appear- 
ance has been quite different. ‘The bright components form a broad 
line projecting a short distance beyond the limb, where in general 
they narrow rapidly into a less intense, single, fine lhe extending to 
the photographic height of the prominence. Less often the line shows 
a reversal. It is frequently wavy and distorted by the motion of the 
vapor in the line of sight and sometimes discontinuous, but otherwise 
entirely normal in appearance. 

To determine whether the up-rush of the calcium occurs at all 
points of the solar surface or whether it is more or less localized, that 
is, limited to the granulations, a larger solar image is necessary, on 
which there will be a sufficient separation of the granulations. Such 
an image 425mm in diameter will be produced by the new tower 
telescope of 150 feet (45.7 m) focal length now under construction, 
and with it the question will be taken up again. On such an image 
it will be possible, it is hoped, to separate the effects over the photo- 
spheric grains from the effects over the interspaces. 

Owing to the fact that this investigation has been mainly devoted 
to the general chromospheric calcium, that is, to the regions outside 


t Mitteilungen der Nikolai-Hauptsternwarte zu Pulkowo, 1, 160, 1906. 
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of faculae and spots, the bearing of the results upon the interpretation 
of spectroheliograms taken with the second slit inclosing the H, or 
K.,, emission line is important in respect to the less conspicuous and 
less frequently considered features of the disk. Sucha calcium spectro- 
heliogram presents over the general surface a mottled appearance 
in which the relative dark background is very extensive compared 
to the small, scattered, and irregularly shaped bright regions. ‘The 
question arises as to what the background is due. The bright regions 
have always been attributed to H, or K,. An inspection of hundreds 
of spectra taken at the center, limb, and intermediate points of the disk, 
with the H and K lines and with a long slit, shows that the bright 
emission line is present at every point of the disk, though at times 
quite inconspicuous over the central regions. It varies greatly in 
width and intensity, with occasional marked increases of intensity 
and breadth over short distances. From the universality of its pres- 
ence the general background of the calcium spectroheliogram may 
as confidently be assigned to it as are the brilliant flocculi. 

In the study of such spectroheliograms it should be borne in mind 
that they are taken with equal exposure times for limb and center. If 
it were possible to give graduated exposure times, such that the con- 
tinuous spectrum of the background would be of the same intensity, 
the spectroheliogram would present a very different appearance. 
With such exposure times the bright K, line for a considerable dis- 
tance from the limb is as broad and intense as at the center over the 
faculae, and a spectroheliogram corresponding to such condition 
would show a border of very brilliant calcium extending some dis- 
tance inward from the limb, in contrast to the weak and inconspicuous 
peripheral regions usually shown on such. For equal exposure times 
the bright K line near the limb is reduced to a lower intensity than at 
the center, so that notwithstanding the inherent greater intensity of 
the emission components due to the increasing depth of the radiating 
layer on approaching the limb, the usual spectroheliogram shows in 
the peripheral region the same general appearance as over the central 
portions of the disk. This perhaps is an advantage from some points 
of view, but for a complete interpretation it is necessary to keep in 
mind how the actual distribution in the solar atmosphere of the cal- 
cium vapor producing the emission lines H, and K, would manifest 
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itself under photographic conditions allowing intensities more nearly 
proportional to the effective thickness of the radiating layer. 

Plate LX is a reproduction of a series of exposures from the east 
limb to the center, timed for nearly uniform intensity. The distances 
from the limb in millimeters are given above, and the exposure times 
in seconds below. ‘The progressive widening of the K, and K, lines 
in passing from the center to the limb can plainly be seen on the repro- 
duction, and, less distinctly, the increasing dissymmetry of the emis- 
sion components on passing from the limb to the center. ‘The enlarge- 
ment is 1.4. Plate X is a reproduction on the same scale of a series 
of equal exposures at the same points, and Plate XI one, in original 
size, of the corresponding section from the H, spectroheliogram of 
the same date, so that the positions at which the spectra are taken 
can be identified and a direct comparison made between correspond- 
ing points. The reproduction of the spectroheliogram has been 
made without any attempt to change the contrast at the limb, and 
represents more nearly the effects that follow equal exposure times 
than do the customary reproductions. 


GENERAL SUMMARY 


t. The calcium vapor producing the absorption line K, in the solar 
spectrum has a descending motion over the general surface of the 
sun of 1.14 km per second in the mean, as indicated by the progres- 
Sive increase in the wave-length of the absorption line in passing from 
the limb to the center of the sun, where the shift toward longer wave- 
lengths amounts to 0.015 A. This increase in wave- -length corre- 
sponds with a high degree of exactness to the calculated line-of-sight 
component of a radial motion deduced from the observed displace- 
ments of 0.015 A at the center. The agreement is so close that it is 
not probable that causes other than the downward movement are 
involved in the mean result. . Other causes, if they exist, are occasional 
and diverse in their action, and their effects are eliminated from the 
final mean. 

2. The calcium vapor to which the sa emission line Kk, 
due has an ascending motion over the general surface of the sun of 
1.97 km per second in the mean, as indicated by the progressive 
shortening of the wave-lengths of the emission line on passing from 
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the limb to the center of the sun, where it reaches a maximum of 
0.026 A. This decrease in the wave-length agrees with the line-of- 
sight projection of a radial motion of ascent deduced from the dis- 
placement of 0.026 A at the center with such a degree of exactness 
that, in view of the difficulties involved in the measurements, causes 
of decrease other than the radial upward movement of the vapor are 
practically without effect upon the final mean. Such causes, if acting, 
must be casual. 

3. The angular velocity of the high-level calcium vapor producing 
the absorption line K, is nearly constant for the latitudes of obser- 
vation, being 15°5 and 15°4 per day at latitudes 6°6 and 3824, 
respectively. The corresponding values deduced from Adams’ 
results are 15°r and 14°3 for hydrogen and 14°4 and 13°2 for the 
reversing layer. The high velocity of the calcium vapor producing 
the K, line points to a higher elevation of this layer of calcium vapor 
than of the hydrogen effective in the production of the Ha line. 

4. The wave-lengths of K, and K, reduced to the limb are 
3933-667 and -3933.6655 respectively. The corresponding wave- 
length in the arc at atmospheric pressure is 3933.667. The mean 
pressure in the intermediate emitting layer is therefore approximately 
one atmosphere, but in view of the small pressure-shift as observed 
by Humphreys and Mohler, the shorter wave-length of the K, line 
may be interpreted as indicating a somewhat lower pressure in the 
upper absorbing layer, though the smallness of the quantities 
involved does not permit a positive conclusion. 

5. [he mean wave-lengths of K, and K, at points 12 mm from the 
limb in equatorial regions are 3933.650 and 3933.675, respectively, 
and at points 12mm from the limb in polar regions 3933.649 and 
3933.076, respectively. ‘The practical agreement for the two positions 
shows in the case of the intermediate and highest levels of calcium 
vapor the absence of currents of appreciable velocity parallel to the 
solar surface. 

6. The widths of H, and K, at the center are 0.128 Aando. 150 A, 
respectively; their widths at r mm from the limb are 0.306 A and 
0.345 A. The widths of these lines at the center compared to the 
corresponding widths in the arc point to an extremely small quantity 
of the calcium vapor in the upper levels of the solar atmosphere. 
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7. The ratio of the widths of K, to H, at the limb is 1.13; the 
ratio at the center is 1.17. Experiments with calcium in the arc 
show that their ratio increases with decrease in the density of the 
vapor and with weakening of the lines. The assumption of a thin 
layer of low density with consequent great increase in effective depth 
on approaching the limb accounts for both the absolute and relative 
changes in width. The ratio of the width of K, to H, at the limb is 
1.07; the ratio at the center obtained from a small number of inten- 
sified lines is t.09. The low ratio and the small change in the ratio 
between the limb and center both indicate a relatively dense and thick 
layer of the emitting vapor as compared with the absorbing layer, 
since the ratio is the nearer unity the stronger the lines, and the 
increase of the ratio is marked when lines already weak are still more 
decreased in intensity. 

8. The average appreciable height of the chromospheric calcium 
shown by a radial slit is about 5000 km above the photosphere. ‘The 
thickness of the upper absorbing layer is approximately 1500 km. 
Allowing 700 km for the reversing layer, the emitting layer would 
have a thickness of approximately 3000 km. ‘The elevation at which 
the K line is appreciable is about 500 to 600 km above the level at 
which the H line ceases to show. 

g. The wave-length of the H, line from 20 plates is 3968. 491, 
3968. 478, and 3968.476, at the center, 1 mm from the limb, and at the 
limb, respectively. The shift between limb and center is 0.015 A 
for the H, line, and in agreement with that obtained from the K, line. 

to. The difference between the wave-lengths of H, and K, found 
in this investigation is 34.810 A. The mean difference between H 
and K in the arc is 34.809 A. The difference between H and K in 
Rowland’s tables is 34.800 A. The indicated error of o.o10 A in 
the relative wave-lengths of H and K is in accord with that found by 
Adams. 

11. When the wave-lengths given in Rowland’s tables are used 
for the standards in reducing the measurements upon which the 
results given in this paper for H, and K, depend, the wave-lengths 
of H, and K, are Ap 3968.634 and Ap 3933.824, respectively; the 
corresponding wave-lengths from Rowland’s tables are 3968.625 
and 3933.825. ‘The discrepancy occurs in the measurement of the 
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H line, as would be expected from the poorly defined character of the 
line in general. 

12. A cause for the high radiating power of the emitting layer may 
be found in its increased temperature resulting from the transforma- 
tion into heat of the mechanical energy set free by the loss of velocity 
in the opposing upward and downward currents. 

13. The justification for the assumption of a high level, small 
depth, and extreme tenuity for the absorbing layer is found in the 
measurements with the radial slit, in the low pressure suggested by 
the slightly lessened wave-length of the K, line, in the narrowness 
of the absorption lines as compared with their widths in terrestrial 
sources, in the continued increase in absolute width on passing from 
the center to the limb, in the increase of the relative width of K, to 
H, on passing from the limb to the center, and in the high and nearly 
constant angular velocity. None of the facts is in disagreement with 
any part of the assumption and each supports one or more components 
of the assumption. 


Mount WILSON SOLAR OBSERVATORY 
May 1910 


ON THE VELOCITY OF THE SUN’S MOTION THROUGH 
SPACE AS DERIVED FROM THE RADIAL VELOCITY 
OF ORION STARS 


By J. C. KAPTEYN ann EDWIN B. FROST 


In what follows v will stand for the sun’s linear velocity in its 
motion through space; A will denote the angular distance of a star 
from the apex; p, the measured radial velocity; p,, that velocity freed 
from the sun’s motion. The ordinary method of determining v by 
means of the radial velocities of stars is founded on the supposition 
that the directions of the peculiar motion of the stars are distributed 
at random. On this assumption each star will furnish an equation 
of condition of the form 

COs Np, (1) 


from all of which the most probable value of v must be found. 

This procedure may evidently still be retained if, instead of sup- 
posing a random distribution of the directions, we admit a preference 
for two opposite directions, provided that, for every part of the sky, 
we assume that the numbers of stars having opposite velocities are 
equal. Accidental deviations from this equality will not affect the 
final result. 

Now, as the peculiar velocities, which thus play the part of acci- 
dental errors, are particularly small for the Orion stars, thesé objects 
must offer particular advantages for the determination of the sun’s 
motion. It is further evident that the stars near the apex and antapex 
have by far the greatest weight in this determination. And further, 
(a) the results to be derivéd from them are much less dependent on 
the error in the assumed position of the apex than are those for which 
A differs more widely from 0° or 180°. (b) By taking nearly equal 
numbers of stars near these two points, any constant error in the meas- 
ures is completely eliminated. | 

To these considerations may be added the following one in favor 
of the Orion stars: (c) The result to be obtained for the sun’s velocity 
will be the velocity in respect to the center of gravity of the stars used 
in its derivation. It seems desirable for this reason to choose stars 
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at considerable distance from the solar system, which shall represent 
a much greater part of the whole of the stellar system than if we choose 
stars within a relatively small sphere surrounding the sun. Attention 
has been already called to the fact that the stars near to our system 
give an exceptionally low value for the sun’s motion.t That the 
Orion stars are as a rule at great distances from the sun will appear 
below, even from the scanty material discussed in the present paper. 

Considerations like these led one of us to devote some particular 
attention to the determination of the radial velocities of the Orion 
stars within moderate distance from the apex and antapex. The 
measures obtained, together with those collected from other sources, 
are given in the following list. We have included (1) the stars for 
which the measures as yet obtained do not show variability of motion; 
it is likely that a longer series of observations will show that a few of 
these are really binaries; (2) all the binaries for which the velocity 
of the center of mass of the system has been determined. 

The magnitudes were taken from Harvard Annals, 50; the spectra 
from Harvard Annals, 28? and 56, or if contained in neither of these, 
from Vol. 50. 

The tenth column contains the source from which the radial 
velocities p were taken: Y. JJ refers to the 20 Orion stars observed 
by Frost and Adams in the Publications oj the Yerkes Observatory, 2. 
The stars which have since been found to be binary have been excluded. 
The velocities have been slightly corrected by the introduction of 
improved values for the wave-lengths of the silicon lines. Y. unp. 
refers to unpublished observations at the same observatory. Every 
result is based on at least two plates, but in nearly every case on three 
or more spectrograms. Ap. J. stands for Astrophysical Journal. 
The other abbreviations will need no explanation. 

The A were computed by assuming for the position of the apex 


a=260-7 d= +30°8 (1375 O)1 
Nearly all of the centennial proper motions, too », and their angle 
of position, , had been computed before the publication of Boss’s 


tJ. C. Kapteyn, ‘“‘Star Streaming,’ Report of the British Association for the 
Advancement of Science, 1905. 


2’'The notations given in Vol. 28, Part I, were transformed to the more usual 
ones by means of the table of Vol. 28, Part II, 145. 
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Preliminary General Catalogue. For them were used the data given 
in Newcomb’s Fundamental Catalogue, or, if not contained in that 
work, either those of Auwers-Bradley, according to Groningen Pub- 
lications, No. 9, or those of Groombridge’s Catalogue, according to 
the reduction by Dysonand Thackeray. For the five stars 7 Androm- 
edae, A Tauri, B.D.—1°1004, B Lyrae, B.D.+25°4165, the proper 
motions of Boss have served. 1007 represents the centennial proper 
motions at right angles to the great circle star—apex. ‘The values 
p comp. were found by introducing our final value (6) for v in 
equation (1). The last column gives the residuals. It is evident 
that these residuals represent the peculiar radial velocities p,. 

The solution of our equations of condition leads to the value 


v= —23.16+1.06 km per sec., from 61 stars. (2) 


If we compare this result with that recently brought out by Hough 
and Halm (Monthly Notices,'70, 100, 1909), Viz.: 


v=—20.85+0.95, from 496 stars, (3) 


the advantage of the present choice of stars in regard to accidental 
error is well shown. With one-eighth the number of stars, we get 
a probable error only slightly larger. That our value for v is some- 
what in excess of (3) is not surprising, for in the case of Hough and 
Halm a great many stars relatively near to the solar system have been 
included, which, as mentioned above, seem really to lead to a some- 
what smaller value of the sun’s velocity, i.e., they seem to participate 
to some extent in the motion of the sun through space.' 

Meanwhile our numbers bring out a somewhat unexpected fact, 
namely that the velocity of the sun relative to the stars near the apex 
is found to be very different from that relative to the stars near the 
antapex. To show this more clearly, a separate solution was made 
for the stars for which A<go° and for which A>>90°. We thus find: 


Near apex v=—18.38+1.40 km, from 32 stars 
Near antapex v= —28.38+1.36 km, from 29 stars (4) 
Simple mean v=—23.38 km, from 61 stars 


The difference is very considerable and cannot well be attributed to 
accidental error alone. It is confirmed, moreover, by the stars con- 


«It will be understood that we fully recognize the necessity of establishing this 
result on more extensive data than are now generally available. 
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tained in the paper by Hough and Halm. To show this, we simply 
take the average radial velocity of all the stars within two hours of 
right ascension and 30° in declination from the apex and within an 
equal area around the antapex. We find 


average radial velocity near apex =16-6km from 31 stars (s) 
average radial velocity near antapex=24.7 km from 71 stars 5 


the difference of which is in the same sense and of the same order 
of magnitude. How is it to be explained? A constant error, depend- 
ing on instrumental and personal influences and on errors in the 
assumed wave-lengths of the lines both in the star spectrum and in 
the comparison spectrum such that the positive velocities would result 
too great, might of course explain the difference. 

The average velocity of all the Hough-Halm stars is +2.2 km 
and might possibly be interpreted as such an error.’ This would 
explain more than half of the difference of the values (5). The rest 
might be attributed to accidental error. Assuming the same error 
for the Orion stars, there would remain in the values (4) a difference 
of 5.6+1.3 km. It is hard to believe that even this residual amount 
is wholly attributable to accidental error, so that we should have to 
assume for the Orion stars a somewhat greater constant error, which 
then would have to be attributed to the diffuse nature of the lines. 
As the lines are symmetrical, however, their diffuseness ought not, 
in the long run, to introduce a constant error. 

The amount of the error to be assumed is thus so much higher than 
seems well admissible that we must look for other possible explana- 
tions. ‘The most plausible would seem to be that either the stars near 
the apex, or those near the antapex, or both, belong in unequal num- 
bers to the two great star-streams. If we call Stream I the stream 
moving toward the true vertex a=g4°, 6= +10°, and Stream II that 
moving toward a= 274°, 6= —10°; then the assumption that the stars 
of our list near the antapex belong preferentially to Stream I, or that 
, the stars near the apex belong for the greater part to Stream II, may 
explain the difference. Such differences in the mixture of the stars 
have been brought out by Eddington and more recently and more 

1 Kistner (Astrophysical Journal, 2'7, 324, 1908) finds a systematic error in his 


measures of 1.1 km in the sense here required. Frost and Adams, Publications of 
the Yerkes Observatory, 2, 18-37, find their systematic error to be practically zero. 
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clearly by Hough and Halm. Our result, however, is not explained 
by the formula of the last-named astronomers, for that gives an iden- 
tical mixture for any two points of the sphere diametrically opposite. 

As long as we have no further data, it will be safest to assume 
for the sun’s velocity, as derived from the radial velocity of the Orion 
stars, the simple mean of the two values (4), in which mean any 
constant error of measurement is completely eliminated. We may 
thus adopt 

U= — 23.3 km per sec. (6) 

as the definitive result of the present paper. It is with this value 
that the computed p of the above table have been calculated. We 
refrain from giving any probable error, because evidently such a 
quantity, derived in the usual way, must be misleading. 

From the present materials we may derive two further results: 

1. The average amount p, of the radial velocities freed from the 
sun’s motion, all taken positively. Adopting the value (6) for the 
whole sky, we get 

p= 6.7 km per Sec. 


Adopting the separate values (4) for the two hemispheres, 
: Po=5-9 km per sec. 
We cannot be far wrong, therefore, if we adopt definitively 
Po=6.3 km. per sec. (7) 


In Kapteyn’s recent paper in this Journal (31, 247, 1910) the 
value p,=6.5 km was adopted. The difference is due to the exclu- 
sion of some stars recently discovered to be really binaries, to the 
introduction of a couple of new stars, and to further improvements 
in the values of the measured velocities. 

2. A rough estimate may be made of the average parallax of the 
stars discussed in this paper. 

The average value of 100 7, disregarding signs, for the stars of 
our list, is 


1.23. 


The velocities T, being independent of the sun’s motion and represent- 
ing projections on a line, are perfectly comparable to the quantities 
P.- It follows that from a distance corresponding to the average 
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* 


parallax 7 of our stars, a velocity of 6.3 km per sec. (7) shows itself, 
as seen without foreshortening from the sun, as an angular motion 
of 1723 per century. 
This implies the value:? 
1 =0./00924 


for the average parallax of the 61 stars in our list. The average 
magnitude of these stars is 3.72.2, Hence we infer, by the aid of the 
formula of Groningen Publications, No. 8, p. 24, that for the Orion 
stars of the magnitude 5.0 the parallax will be: 


(<6) =O. 000d. (8) 


In a paper by Kapteyn, following this article, the same parallax 
is derived from the parallactic motion of 440 Orion stars, with the 


result: 
T(<.0) =070068. (9) 


The agreement of these values, obtained by wholly independent 
methods, is astonishingly close, in fact far better than we had a right 
to expect. 


GRONINGEN. WILLEAMS BAY 
May 1910 


NoTe.—Since the above was in type there has come to our notice the interesting 
paper by Paul Stroobant (Bulléiin de la Classe des Sciences, Académie Royale de 
Belgique, 1910, I, 39-51) entitled “‘ Nouvelle détermination de la vitesse du systéme 
solaire dans l’espace.’”? Adopting Newcomb’s co-ordinates of the apex, and em- 
ploying 64 stars within 41°5 of the apex or antapex, M. Stroobant derives 19.4 
km per second as the value of the solar velocity. He also treats the 49 stars near 
the apex separately from the 15 near the antapex, finding values respectively of 18: 75 
and 21.55 km per second. From the separate consideration of Orion stars, he 
obtains 15.9 km per second as the solar velocity from 9 stars near the apex, and 
26.9 km from 13 stars near the antapex, with a mean of 22.5 km. It will be seen 
that his results, although based upon only one-third as many stars as ours, are in 
close agreement as to the difference of ro km in the solar velocity from stars near the 
apex and from stars near the antapex; and the mean value is in as good accord with 
ours as could be expected. 


average value of 100 T 


1 According to the formula: m=0.0473 More rigorously 


average value of po 
LOO T 
Po 
estimate we took the first formula, which dispenses with any elaborate system of 
weighting. 


we should have m=o0.0473 Xaverage value of ( ). In this confessedly rough 


2 For the variables the greatest light was adopted. 


ON THE AVERAGE PARALLAX OF THE STARS OF THE 
FOURTH TYPE AS COMPARED WITH THAT 
OF SLARS OF OTHER TYPES 


By J. C. KAPTEYN 


1. The question as to the absorption of light in space naturally 
led me to look for classes of stars the distance of which is exception- 
ally large. ‘The fact that up to the present time no star of the fourth 
or fifth type.is known to have a sensible proper motion makes it not 
improbable that these classes must have very small parallaxes. 

Meanwhile, owing to the faintness of nearly all of the stars of both 
classes, the data for proper motion are so scanty that in reality they 
prove very little. 

For many of the stars of the jourth type we have older observations: 
~ for all of them which are of magnitude g.o or brighter the Astrono- 
mische Gesellschaft Zone Catalogue contains positions, which, in the 
majority of cases, were obtained more than thirty years ago. Better 
data might be obtained, therefore, by reobserving all the stars of this 
type of which suitable older observations, particularly in the A.G. 
Zone Catalogue, are available. 

Professor E. F. van de Sande Bakhuysen, with whom I discussed 
the matter, offered at once to have these observations made at the 
Leyden Observatory. It isa great pleasure to me to express my deep 
feeling of gratitude for this act of kindness. 

The stars of both the fourth and of the fifth types which promised 
useful results had been already put on the program of the observatory, 
when I learned that the observation of the fourth-type stars had 
actually been undertaken at the Observatory of Copenhagen. I 
addressed myself at once to Professor Strémgren, the director of the 
observatory. Both he and Mr. Norlund, who made the observations, 
kindly offered to hasten the observations and reductions and to place 
the results for proper motion, based on all the available material, at 
my disposal as soon as finished—an offer which of course was grate- 
fully accepted. It is only through this truly courteous and powerful 

help that the result given in this paper could be obtained with so 
gI 
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little delay. In fact, the possibility of any reliable conclusion about 
the average parallax of the fourth-type stars is entirely due to the 
labors of Mr. Norlund. i 
2. Stars of the fourth type.—NoOrlund’s list, as it was put in my 
hands, contains 140 stars with data for proper motion in both co-or- 
dinates. From these I have excluded (a) the stars not in the A.G.C., 
at least if there exist no considerably earlier observations; (0) stars 
in the A.G.C., if the difference of epoch Copenhagen—A.G.C. is 
less than 24 years, and if no other early observations are available. 
There thus remain 120 stars for which the proper motion must 
be entitled to some confidence. As Norlund will no doubt soon 
publish the complete list, I will, with his permission, communicate 
only the averages for the parallactic motion, as given below. In the 
computation of this motion I adopted for the position of the apex 
the co-ordinates 
a=17" 58m8, d= +30°8 (1875.0). (r) 
If 
v represents the proper motion away from the apex; 
A, the angular distance from star to apex; 
h, the linear velocity of the sun; 
p, the star’s distance; 
then we have the well-known formula (see, for instance, Astrono- 
mische Nachrichten, No. 3487, 146, 99, 1898): 
h Svsinar 


average value of -=——- =mean secular parallax. 2 
6 p sin?2 P (2) 


The average value of the proper motion in right ascension, in arc of 
the great circle, was found to be +070038. 

If we consider this quantity as the effect of the magnitude-equation 
on the proper motions in right ascension, we get the values headed II 
in the following summary. 

If we neglect the correction, we get the values I. The magnitudes 
have been taken from the Bonner Durchmusterung, but have been 
reduced to the Harvard scale by applying Seeliger’s corrections 
(Bayrische Akademie der Wissenschaften, 2d class, Vol. 19, Part 
III, 575). For the variable stars, I took the magnitude at maximum. 

The agreement between the separate values has not been improved 
by the introduction of the correction for magnitude-equation. As was 
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to be expected, the final results I and II differ very little. The 
difference would still have been much smaller had the distribution 
of the stars been somewhat more uniform. I have finally adopted 
the mean of the two values, with a probable error derived from the 
agreement of the values II. 


‘CAD ud 
FourtH-Type Stars (N) 
Mas. Sv sin A ks 
Hare Ate NUMBER p 
. eA omens cornea Ear pean baa sin? A os 
coere I II I II 
oho to 3ho.. 5258 |e 0.046. |) —~ 07082 LiA10 12 |—o%0041 | —07%0074 
Bike OF On: S740 se 2.2001 R178 21.33 28° |+ .0007 0083 
6.0 to Qg.0.. 8.16 | + me 4) be eB te 32.20 25 Unies OOGo (er A O170 
9.0 tor2.0.. Teste are O44 4.003 8.84 oi LOOT hel Fe .OLOS 
Ea EEO. per ho O02. h-Po O52 Sra G+ {+ Orzo [ite 0155 
£559 1015.0: 705 Abe ee OS fol) a O3T 1.68 4° |= 022) | —" 0185 
[oO DG aie GO... p oeOtep  — LOOO Tf —+1S0 8.59 SAC, OL TS. | — 202 FO 
Piney OG... eo 42g .08au —\ O22 aye I l-P 0023" |2—= 0025 
HERE ool y's Sea Oreos fat O.T06 76.64 £20 tO. 0037) | +0 0022 
Uo Su ye Geel tat Oe OP ae aa eer i an ee a +070030+0%0029 (p.e.) (3) 
TABLE II 
Orion STARS (B) 
Mac. Num- 
a Har- =v sin A = sin? A_ | BER OF = 
VARD STARS p 
oho to 3ho.. 4.92 | +1%010 | 41.19 48 |+07%0246 
Z.010 6.0.. 4203") 1-1, 601 66.64 EE] 1+ .0250 
G0 10, "9 70: 4.42 | +0.268 14.08 42° |\-+ ~o1900 
Brotod2:0.-. 4u50.4 450.785 20.38 25° iF. 0307 
Tt.080 15.0. i 3.540 +1 . 706 28.15 a1 4. 80600 
15.0 to 18.0. . 4025 oe - Eeeoy 307.53 Ce bem ec ee 
£2.10 21 /0.. S09 | 0%.075 26.54 25) te O25 4, 
aE 0 16) 0.0. ~ 4.98 | +0.966 39 .02 $3. [4 Lo24e 
di es 7 4uGs ub + 8. 582°) 273 53 440 |+0.0315 +0.0020 (p.e.)* 


* In deriving this p.e., I first reduced the separate results to the same magnitude. 


3. Orion stars (B) and stars of the third type (M).—For the sake 
of comparison, I have derived in the same way the average parallactic 
motion of the Orion stars and of those of the third type, contained in 
the catalogues of Miss Maury (Harvard Annals, 28, Part I) and 
of Miss Cannon (Harvard Annals, 28, Part II, and 56, Part IV) 
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for which good proper motions are available in Auwers-Bradley 
(according to Groningen Publications, No. 9), Newcomb’s Funda- 
mental Catalogue, Groombridge (Dyson-Thackeray), Auwers’ Southern 
Fundamental Catalogue, and Hedrick (Washington Observations, 8). 
As the distribution over the several hours is tolerable, no attempt 
was made to find a correction of the proper motions in right ascen- 
sions for magnitude error. 


TABLE Til 
THIRD-TYypPE STARS (M) 


Mac. Num- 3 

a Har- =v sin A > sin? A | BER OF = 

VARD STARS Pp 
oboto 3 Bon) 2700 [et O.073 Ori Slo o70% 
2.0 tO 0205. a) 4. 067 PFO doe 9.19 07 Str 2000 
6,0 (0 EOLOts. Sd GO a an aa 52 Ciel + ws047t 
g.0 to 12.0 AAS I “On 193 eS dia F020% 
B28 O.£0. £5 (On putes > ce hate iy Bat. LO iS eet re 
15.0 tO{LS O22... 0154050 17 +O 305 4.79 BO. | -h.0029 
18.0 tO BPTOua, «4 OOm Ft Oebz0 5-93 LF O2io 
27. Of (0 GOtOe a 4.75 Oras: 15.35 TO ge 20253 

Totals eek 402 or ae er 68 . 32 Ior |+0.0518 +o%o0092 (p.e.) 


4. Stars oj the first and second type and general summary.—Finally, 
we have, from Astronomische Nachrichten, No. 3487, taking general 


averages: 
h 
Mean Harvard Mag.| Number of Stars - 
‘Type l(A-and @ few BD yeeeeeoe e320 1088 +0, 0381 
Type Th CEG eee wean Dace 1036 +0.0882 


In the following general summary, I have for the sake of conven- 
ience reduced the results for all the types, except those of the fourth, 
to what would have been found had we used stars of the average 
magnitude 5.00. ‘The necessary reductions were easily obtained by 
means of the formula of Groningen Publications, No. 8, p. 24, which 
permits the computation of such small corrections with perfect 


: h 
safety. For the reduction of the secular parallaxes A to ordinary 


t Boss’s Preliminary Catalogue General of 6188 Siars had not yet been published 
when our computations were made. 
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on 


annual parallaxes, I adopted for the sun’s velocity 4.20 units per 
year. 


TABLE IV 
GENERAL SUMMARY 

\ Ie : Ss JIM- 

Spectrum oe : PE, cs PE ne 
Dea Maes EE SOO +07%0284 +07o0018 070068 +0%0004 440 
Pee ack «8: 5.00 + .O4iI ( .0022) .0098 (.0005) | 1088 
ee hs. & 300 + .0942 ( .0040) .0224 (.0010) | 1036 
je ee 5.00 + .0465 .0082 sOLET .0020 IOI 
RRL ee rah ORT + .0030 ‘0029 .0007 .0007 120 


* A small number of stars of type B are included. 


The probable errors or the types A and F, G, and K, are mere 
estimates. Ina former paper* we found, by a perfectly independent 
method, the value +0%0064 for the average parallax of the Orion 
stars of magnitude 5.00. ‘The agreement is extremely satisfactory. 

A somewhat similar table to the above was given some years ago 
by Pannekoek (Proceedings oj the Academy oj Science, Amsterdam, 
9, 140). ‘The results agree fairly well, considering the small number 
of stars used by Pannekoek. Fourth-type stars are of course not 
contained in Pannekoek’s paper. 

The most striking fact brought out by the present investigation 
is the extremely small value of the parallax found for these fourth- 
type stars. In fact, the final value for the parallactic motion does 
not exceed its probable error, so that it is hardly too much to say that 
as yet the motion of the sun through space is not at all indi- 
cated by the stars of this class of spectrum. The distance of a great 
part of these stars is undoubtedly such that, if we adopt the value 
for the selective absorption of space found in this Journal for 
November 1909 (30, 284), the quantity 

photographic —visual magnitude 


must amount for them to at least half a magnitude. It may be much 
more considerable. 

No interpretation of the spectra of the fourth type will be quite 
satisfactory, therefore, if it neglects the consideration of the effect 
of the selective absorption of light in its passage through space. 


GRONINGEN 
May 1910 


t Kapteyn and Frost, Astrophysical Journal, 32, 83, 1910. 
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SOLAR DISTURBANCES AND TERRESTRIAL 
TEMPERATURES 


By W. J. HUMPHREYS 
INTRODUCTION 


The effort of this paper is to bring harmoniously together, in the 
sense of cause and effect, a number of solar and terrestrial phenomena, 
some of which are well known, while others, perhaps, are compara- 
tively new and unfamiliar. 

Since the sun is the source of practically all the radiant energy 
we receive, therefore any change in its surface or envelope that affects 
either the quantity or the quality of its radiation must, through the 
resulting modification of the energy received, also affect certain ter- 
restrial phenomena, some of which are of vital importance. 

Changes in the number and extent of its spots, flocculi, prominences, 
and coronal streamers, all constitute very obvious and_ probably 
closely connected disturbances of the sun; and many efforts have been 
made to determine what relation, if any, exists between these solar 
disturbances and such terrestrial phenomena as auroral displays, 
magnetic storms, temperature changes, rainfall, plant-growth, and, 
in fact, everything else that directly or indirectly can be connected 
with the sun. 

That the magnitude and frequency of auroral displays and mag- 
netic disturbances follow closely the corresponding changes in sun- 
spots appears to be well established. Concerning similar relations, 
however, of other phenomena to spot-frequency, the conclusions of 
investigators are less uniformly in accord, and perhaps only two at 
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most of these, namely, temperature and, possibly, rainfall, have been 
measured with sufficient accuracy and recorded long enough and at 
enough places to justify a minute examination of their relations to 
solar activity. 

A careful study of the variation of rainfall in Europe with sun-spot 
numbers has been made by Hellmann,’ who concludes that there is 
a slight increase in precipitation during sun-spot minima. This 
agrees with, and doubtless depends upon, the corresponding tempera- 
ture changes; and as these latter are the most accurately measurable 
they alone, therefore, of meteorological phenomena, will be considered 
in what follows. | 


SUN-SPOTS AND EARTH TEMPERATURES 


Of the various studies of the relation of terrestrial temperatures 
to sun-spot numbers, one of the latest and best is by Abbot and Fowle.? 

The stations whose temperatures were used in this investigation 
were selected in accordance with the conclusions of a careful theoreti- 
cal study of the problem to be solved, and the results obtained may, 
therefore, be accepted as the best available. From this paper it 
appears that: 

1. Spot maxima are accompanied by temperature minima and 
spot minima by temperature maxima. 

2. The average range, from spot maxima to spot minima, in the 
mean annual temperatures, at the selected stations, is about 1° C. 

3. The decrease in radiation from the spot area itself can account 
for only about »'; of the observed temperature change. 

The above small range of 1° C. in the average yearly temperature, 
it will readily be admitted, is full of theoretical interest, but that it is 
also of great practical importance may not be so generally realized. 
However, this too will at once be granted when it is recalled that the 
growth of many plants, other things being equal, is, through a range 
of several degrees, roughly proportional to N (7J—T,), in which NV 
is the number of days of growth, T the average temperature during 
this time, and 7’, the critical temperature for the plant in question, 
or that temperature below which it will not grow. 


t Veroff. des Kin. Preuss. Meteorol. Instituts, Berlin, 1909. 


2 Annals of the Astrophysical Observatory of the Smithsonian Institution, 2, 177- 
201, 1908. 
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An excellent illustration of this general law, and one emphasizing 
the great importance to plant-growth of even small changes in the 
average temperature, has been given by Walter,’ who shows that a 
change of only o°7 C. may alter, and in Mauritius has actually been 
observed to alter, by as much as an entire year, the time required for 
the development of sugar cane. 


THE SOLAR ATMOSPHERE AS AFFECTED BY SUN-SPOTS 


Surrounding sun-spots, and doubtless because of their accompany- 
ing or preceding eruptions, are extensive areas of flocculi, or great 
clouds of metallic vapors. Besides, the streamers and other phe- 
- nomena of the corona, so conspicuous during a total eclipse of the 
- sun, are much more pronounced and extensive during periods of spot 
maxima than at times of spot minima. It is also known, from obser- 
vations made during total eclipses of the sun, that part, at least of the 
coronal light is polarized, and therefore we infer that some of it is 
reflected or scattered light. 

Sun-spot maxima, then, appear to be accompanied by maxima 
in the amounts of “dust” (any particles that perceptibly reflect or 
scatter light) and clouds in the solar atmosphere, which, because of 
diffuse scattering, and, possibly, selective absorption, may be expected 
to reduce the amount of radiation of short wave-length that is finally 
emitted. 


SOLAR RADIATION AS AFFECTED BY THE SUN’S ATMOSPHERE 


In this connection it is important to note the fact? that the solar 
intensity decreases from center to rim of the sun, that is to say, that 
the intensity decreases as the portion of the line of sight within the 
“dust” layer increases; and, especially, that this falling off of the 
intensity is much greater for the shorter than it is for the longer wave- 
lengths. The effective radiating layer of the sun, therefore, becomes 
cooler and, presumably, reaches higher levels as the rim is approached 
—results that would follow the phenomenon of diffuse scattering. 
In addition to this Abbot and Fowle? have shown that the distribution 


t On the Influence of Forests on Rainfall and the Probable Effect of ‘‘ Déboisement”’ 
on Agriculture in Mauritius (1908), 44-45. 

2 Hale and Adams, Astrophysical Journal, 25, 300, 1907; Abbot and Fowle, op. 
ctt., Part 3, chap. i (1908); Adams, Astrophysical Journal, 31, 30, Igto. 

3 Astrophysical Journal, 29, 281, 1909. 
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of radiation in the solar spectrum can vary materially from time to 
time, especially in the region of short wave-length, even when there is 
but little if any change in the total intensity. 

On examining Wolfer’s' curves of sun-spot numbers it is seen that 
the days on which Abbot and Fowle found the amount of violet 
radiation to be relatively small were days of many spots, while the 
one on which they found it relatively large was a day of exceedingly 
few spots. 

These observations, made on only four days in all, are not suffh- 
ciently numerous to justify, of themselves, any conclusions as to the 
relation of this change in the intensity of the violet to the size and 
number of sun-spots. Nevertheless, they are sufficient to show that 
changes in the violet do take place; and it seems highly probable 
that a decrease in the violet, through scattering, would be caused by 
the more extensive corona that prevails during the time of many spots. 

It would appear reasonable, too, to expect some change in the 
total radiation output of the sun to accompany a change in the con- 
ditions of its surface, but the connection of any such change with the 
sun-spot period is not yet established, nor do we know enough about 
the causes of solar disturbances to give us confidence in theoretical 
deductions in regard to the total output of solar energy at times of 
spot maxima and minima. 

Any change in the solar constant, other things being equal, would, 
of course, lead to corresponding changes in the surface temperatures 
of the earth; though, owing to the fact that the radiation of the earth 
is proportional, approximately, to the fourth power of its absolute 
temperature, and to the further fact that most of its surface is covered 
with water, the proportional change of the temperature would be 
much less than that of the total radiation, and, in point of time, 
would lag behind it. 

A change in the relative intensity of the violet seems definitely 
established, both for different places on the sun and for the sun as 
a whole at different times, and it seems quite probable that this in- 
tensity must be least at the time of maximum sun-spot disturbance, 
or when the solar “dust” is most extensive. 

It therefore is worth while to trace the effect on the temperature 


t Astronomische Mittheilung, No. 98, 1907; No. 100, 1909. 
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of the earth of a change in the amount of violet and ultra-violet radia- 
tion, while the total energy output remains the same. 


PRODUCTION OF OZONE BY ULTRA-VIOLET LIGHT 


During the past few years a number of persons have examined and 
reported the production of ozone by the action of ultra-violet light 
on dry oxygen. One of the latest to investigate this subject carefully 
is Van Aubel,? who concludes that there can be no question about the 
ozonizing action of radiation of short wave-length. It is also known 
that this action is best when the gas is dry and very cold—the con- 
ditions that obtain in the upper portions of the earth’s atmosphere. 

One would, therefore, expect to find an appreciable amount of 
ozone in the upper atmosphere, where the conditions are the same as 
those under which it is best produced in the laboratory, but, owing 
to its unstable nature and its great power of oxidation, very little 
near the earth; and this is confirmed by direct observations. Only 
traces of ozone are found in the lower portions of the air, and when 
there is much moisture and the temperature is high the amount is 
vanishingly small. On the other hand, by examining the absorption 
bands in the solar spectrum, Angstrém? has detected the presence 
of what seems to be a very considerable amount of ozone, which of 
course must be in the upper air, since it is not in the lower. 

Now, ozone, as Ladenburg and Lehmann} have shown, has a 
number of absorption bands scattered over a wide range of the spec- 
trum, from well within the ultra-violet to far out in the ultra-red. 
There is a strong band of wave-length 0.3 and less, a moderate one 
in the neighborhood of 0.6 », another strong one at 4.7 #, and, besides 
several of lesser intensity at different places in the ultra-red, a very 
strong band extending from about 8.5 to approximately 10.5 p, 
and a small one at 11.4. ‘The most intense portion of the solar 
spectrum falls about half-way between the first two of these bands, 
the one at 0.3 » and the other at o.6 #, while the great absorption 
band, from 8.5 to 10.5, and the small ones at 7.6 and 11.4 4 
belong to the region of strong earth-radiation. Presumably there 

t Comptes Rendus, 150, 96, 1910. 


2 Arkiv jor Matematik, Astronomi och Fysitk, 1, 395, 1904. 
3 Annalen der Physik, 21, 305, 1906. 
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are other ozone bands of still greater wave-length, but the region to 
which they would belong does not appear to have been examined 
in this connection. 

From a consideration of the positions and intensities of the absorp- 
tion bands of ozone, though they are known to only 12.5 , together 


Fic. 1.—Ozone Absorption of Solar Radiation 


with the distribution of energy in the solar and terrestrial spectra 
(assuming the earth to radiate as a black body), it is evident (1) that 
the coefficient of absorption, due to ozone, of solar radiation, is not 
the same as that of earth radiation, and (2) that the latter, probably, 
is greater, perhaps several fold greater, than the former. 

These relations are graphically represented in Figs. 1 and 2, in 
which wave-length is plotted against intensity. Fig. 1 shows (a) the 
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approximate spectral distribution of the solar energy outside the 
earth’s atmosphere,* and (0) the portion of this energy, indicated by 
the dark areas, that would be absorbed by a certain quantity of 
ozone. Fig. 2 gives (a) the corresponding amount (only, because 
of loss by reflection, about two-thirds of the solar) and distribution 
of terrestrial radiation,? and (b) the fraction of this, in the region 
examined, that would be absorbed by the above assumed quantity 
of ozone. 

These particular values of absorption were obtained by Ladenburg 
and Lehmann (0. cit.) with a tube of ozone one meter long, apparently 


Fic. 2—Ozone Absorption of Earth Radiation 


at room temperatures and under a pressure of 200 to 300 mm. _Unfor- 
tunately they did not extend their examination beyond 12.5 », but 
still this is far enough to show that ozone absorbs earth radiation to a 
much greater extent than solar, or in other words, that it lets solar 
energy in more readily than it lets earth energy out. 

Fig. 2, of course, does not accurately represent the average spectral 
distribution of the earth’s planetary radiation, nor is this definitely 
known. However, since water vapor—always present in the atmos- 
phere—absorbs and radiates at ordinary temperatures very much as 
a black body, it probably does approach the actual distribution 
near enough for the present purpose, that is, to give some idea of the 


t This curve is taken, with a slight modification, from Plate XVI, Vol. II, Annals 
of the Astrophysical Observatory of the Smithsonian Institution (Abbot and Fowle). The 
ultra-violet is extended farther here than in the original curve, though without other 
justification than the fact that solar energy is known to extend beyond 0.3 mu. 


2 Really the radiation of a black body at the average temperature of the earth. 
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greater absorptive power ozone has for terrestrial than for solar 
radiation. 


EFFECT OF A SELECTIVELY ABSORBING LAYER ON THE TEMPERATURE 
OF THE EARTH 

The next step is to determine what effect a selectively absorbing 
layer, particularly an upper atmosphere rich in ozone, would have 
on the temperature of the earth. 

The solution of this problem is complicated by the alternations 
between day and night; by the constant changes, during the day, 
in the sun’s inclination; by reflection, especially from clouds, and 
doubtless by many other things that more or less modify the final 
result. However, since the coefficient of absorption is independent, 
so far as we know, of intensity of radiation, it is possible, by the use 
of average values, to obtain an approximate solution. 

The average intensity of the normal component of the solar radia- 
tion over the entire earth is the total radiation flux in a solar beam, 
at the earth’s distance from the sun, whose cross-section is equal to 
the area of a terrestrial great circle, divided by the area of the earth’s 
surface. 

o y 
4TR 
ive radius of the earth as an intercepter of solar energy, and J, the 
intensity of the solar radiation at the outer limit of the atmosphere, 
or the amount of solar radiant energy received per second at that 
place per unit area at right angles to the path of radiation. 

A portion of this radiation is reflected by clouds and other things 
and of course produces no change in the temperature of the earth. 
If we adopt 37 per cent, the value determined by Abbot and Fowle,' 
as the total albedo of the earth, or the reflected fraction of all incident 
radiation, and represent by J’, the average effective intensity of the 
normal component of the solar radiation over the entire earth, then 


This average intensity then is = 4/,, in which R is the effect- 


I’,=0.16L5, nearly. 


Let al’,=the amount of solar energy, both direct and reflected, 
absorbed by the outer atmosphere, per second per unit area. Approxi- 


t Annals of the Astrophysical Observatory of the Smithsonian Institution, 2, 163, 
1908. 
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mately, and for convenience we will assume exactly, half this is 
radiated to space and half to the earth, including in this term the 
lower atmosphere. | 

The earth, which we shall follow step by step as it would warm 
up from an initially cold condition, now receives (1—a) J’, solar energy 


aes a : 
per unit time and unit area, and 2 I’, energy per same time and area 


from the absorbing outer layer, which, presumably, is roughly coin- 
cident with the isothermal layer and rich in ozone. ‘These two 


together amount to I ol -5) 


After a time the earth will send back an equally intense radiation 
of its own, but one in which the energy is very differently distributed 
as to wave-length. Therefore, when equilibrium with this radiation 


is established, J AG -*) is the intensity of the outgoing earth radia- 
tion also. 


Let bI'o(x—$) be the part of this long-wave earth radiation 


absorbed by the outer layer. One-half of this, or oF ‘o( 1-3), will 
be radiated back to the earth, there absorbed, and once more sent out. 


The next amount returned by the shell is (5) 2 AC) and so 


on indefinitely. 
The total intensity of radiation, therefore, reaching the earth, 
when completely warmed, is 


ro} -<t }x+2+(2)'+ sap he.7 +(2) 


Now 0 is either unity, the maximum value possible, or less, prob- 
ably much less, and positive. Therefore the terms inclosed by the 
second pair of braces form a rapidly converging series, whose maxi- 
mum value, when 0=1, is 2, and whose minimum value, when b=o, 
is 1, but whose actual value probably is not much greater than unity. 


Calling this sum S, we have J ‘o(x-2)5 as the average intensity 


of the entire radiant energy used in heating the earth. 
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Since the albedo of the earth is roughly one-third, we can say that 
the sum of the incident and reflected energy passing through the outer 
layer of the atmosphere is approximately $ that originally incident, 
so that tal’, represents the absorption per unit time and area of 
reflected radiation. If there was no absorption of solar radiation 
in the outer layer then, of the additional ?a/’, that would go on per 
second to each unit area of the earth below, one-third, or +aJ’,, would 
be reflected. Therefore, if the outer absorbing layer did not exist, 
the average intensity of the energy used in heating the earth would 


\ 


be (1 =) while that which actually does exist is I'.(x—$)s. 


Let b=0.20, a value, as shown by Fig. 2, possibly of the correct 
order; then S=1.11, or the radiant energy actually received by the 
earth is about 11 per cent greater than it would be if there was no 
absorptive layer. 

The average temperature of the earth is 1424 C.* Or 2o7¢aes 
absolute. ‘Therefore, since the percentage change in temperature 
is approximately one-fourth the percentage change in radiation, it 
follows, if the assumed value of 0 is correct, that the surface of the 
earth averages from 7° C. to 8° C., or say 13° F. warmer than it would 
be without the presence of the absorptive shell. 

The amount of this difference in temperature depends, as we have 
seen, on the value of 0, and it in turn upon the quantity of ozone or 
other absorptive material in the upper atmosphere. But ozone, as 
above explained, is produced by the action of ultra-violet radiation on 
cold dry oxygen. The amount of ozone in the outer atmosphere 
must, therefore, vary with the amount of ultra-violet radiation sent 
out by the sun, and this, it appears, is a variable quantity. 

When this ultra-violet solar radiation is at a minimum, presumably 
during a sun-spot maximum, the amount of ozone in the upper layers 
of the atmosphere will be a minimum, unless maintained by some 
other process—see below—and the temperature of the earth will be 
correspondingly low. On the other hand, with a maximum of ultra- 
violet radiation, presumably during a sun-spot minimum, when the 
solar atmosphere is clearest, there will be a maximum amount of 
ozone, so far as this method of producing it is concerned, and a com- 


1 Hann, Lehrbuch der Meteorologie, 115. 
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paratively high temperature at the surface of the earth, even if the 
total radiation remains unchanged, which is improbable. 

Unfortunately the amount of change in ultra-violet radiation dur- 
ing spot cycles, and its relation thereto, if any, have not yet been deter- 
mined, and hence it appears desirable at this point to sum up the 
foregoing and sharply distinguish between facts and assumptions. 

The jacts are: 

t. The brightness of the sun drops off from center to limb. 

2. This drop is greater the shorter the wave-length, and is due, 
almost certainly, to diffuse scattering. 

3. The total amount of violet and ultra-violet in the solar radia- 
tion changes from time to time. 

4. This change is greater than the change in the solar constant. 

5. During sun-spot maxima the solar atmosphere is more exten- 
sive—dustier than it is during spot minima. 

6. The temperature of the earth is greatest during sun-spot 
minima, and least during spot maxima. 

7. Rainfall appears to follow the temperature curve, and there- 
fore to be greatest during spot minima. 

8. Ultra-violet light acting on cold dry oxygen converts some of 
it into ozone. 

g. There appears to be a considerable amount of ozone in the 
atmosphere, which must be at great elevations since it is not 
found, except in traces, and could not long exist in the lower 
atmosphere. 

10. Ozone is selectively absorptive both of solar and of terrestrial 
radiation, but more absorptive of the latter than of the former. 

11. An upper atmosphere, rich in ozone, would influence the tem- 
perature of the earth—the temperature becoming higher, other things 
being equal, the greater the quantity of ozone. 

The assumptions are: 

a) That the solar constant is the same during sun-spot maxima 
that it is during spot minima. 

This assumption probably is not correct, but the amount of the 
change, and even its sign, are unknown, and therefore it is assumed 
to have no cyclic change; the assumption being made for the purpose 
of seeing whether or not the known temperature changes can be 


108 W. J. HUMPHREYS 


accounted for, in any part, without invoking corresponding differ- 
ences in the total intensity of solar radiation. 

b) That the solar radiation is relatively weak in the shorter wave- 
lengths during spot maxima. ‘This appears all but necessarily true. 

The conclusion 1s: 

With the solar constant and other things, except, of necessity, the 
spectral distribution of the energy, unchanged, any proportionate 
decrease in the ultra-violet radiation, such as we believe takes place 
at the time of sun-spot maxima, leads to a diminished production of 
ozone in the upper atmosphere, an increase in its diathermacy, and a 
cooling off of the earth and the lower atmosphere. 


PROBABLE AURORAL EFFECTS 


So far only that production of ozone in the atmosphere has been 
considered which is due to the action of ultra-violet solar radiation. 

It is known, however, that ozone is abundantly produced by the 
action of silent electric discharges, like those seen in a Geissler tube, 
~ on cool dry oxygen. Almost certainly, therefore, auroral displays, 
except those that exist above the oxygen level, and all other electrical 
discharges in the atmosphere must be accompanied by a greater or 
less production of ozone. 

Auroral streamers invariably parallel, or nearly so, the earth’s 
magnetic lines of force, and therefore, if of equal electric discharge 
throughout their paths, the density of this discharge must rapidly 
increase as either magnetic pole is approached, or, in general, with 
increase of latitude. Owing to the concentration of the lines of force 
and their nearer approach to the vertical as the distance from a mag- 
netic pole is decreased, together with the latitude increase of the 
winds, there may be many electric discharges of the Foucault nature, 
in the atmosphere of high latitudes, that do not extend to equatorial 
regions. However this may be, it remains that auroral displays are 
seldom seen in the tropics, while they are of frequent—almost nightly 
—occurrence in high latitudes. 

We would, therefore, expect that portion of the ozone which is 
due to auroral discharges to be most concentrated in the higher lati- 
tudes: (1), because of the increased density here of the discharges; 
and (2) because that while often probably above the oxygen level in 
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equatorial regions (where of course no ozone can be formed) they 
come down, by following the lines of magnetic force, well within the 
oxygen, where the production of ozone is possible, as the magnetic 
poles are approached. 

Another disturbing element in this distribution is the rather slow 
equator-to-pole drift of the upper atmosphere, indicated by sounding 
balloons, and by the spread to high latitudes of the dust thrown out 
by Krakatoa, which must tend to deplete the tropical regions of their 
supply of ozone and to concentrate it in those on either side. 

These two actions then, the equator-to-pole circulation of the upper 
atmosphere, and the paralleling of magnetic lines of force by auroral 
discharges, might very well lead to a greater amount of ozone in the 
upper air of temperate and polar regions than in that of the tropics. 
A consequence of this would be a greater diathermacy of the upper 
atmosphere in equatorial regions than elsewhere, and therefore a 
comparatively low temperature and great altitude, at this place, of 
the isothermal layer; a condition that actually obtains, for the under 
surface of the isothermal layer is fully 5 kilometers higher and 15° C. 
colder over the equator than in middle latitudes. 

Now a sun-spot maximum is accompanied by increased auroral 
activities, and, presumably, by a minimum of ultra-violet radiation, 
while a spot minimum on the contrary gives few auroral displays, but 
a maximum, probably, of radiation of short wave-length. There- 
fore the amount of ozone in the atmosphere, since it results from the 
action both of auroral discharges and of ultra-violet radiation that 
seem to increase and decrease oppositely, though not necessarily 
equally, tends to remain more or less fixed; and consequently it 
appears quite probable that the variations in the average temperatures 
of the earth through a spot cycle are less than they otherwise would be 
—that the increase of auroras with spot numbers tends to maintain 
equal average temperature conditions of the earth, by more or less 
completely offsetting the effects due to the simultaneous decrease in 
the ultra-violet radiation. 

Finally, since changes in the quality of the solar radiation must 
be more effective within the tropics than elsewhere, while auroras 
are active almost entirely at higher latitudes, it follows that the 
temperature changes in the two regions must be unequal, possibly 
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at times even in opposite directions. An increase of temperature in 
the first, at the time of a spot minimum, may be accompanied by a 
smaller increase, or at places even a decrease, in the second; while 
a decrease in the first, to be expected at the time of a spot maximum, 
may, because of auroras, be accompanied by a less decrease, conceiv- 
ably even an increase, in the second. 

However, since radiation is constant while auroras are fleeting 
and fitful, it seems probable that changes in the spectral distribution 
of the former rather than in the frequency of the latter may be the 
principal cause, through the resulting variations in the amount of 
ozone in the atmosphere, of the observed periodic swings in the average 
of terrestrial surface temperatures. 


CONCLUSIONS 


t. An increase in sun-spots appears certainly to be accompanied 
by a decrease in terrestrial temperatures, at least in many places, 
fully twenty fold that which can be accounted for by the decrease in 
radiation from the spot areas alone. 

2. It seems nearly certain that sun-spot maxima, whatever the 
value at such times of the solar constant, must lead to a decrease in 
the ultra-violet radiation that reaches the earth, and a corresponding 
decrease in the production, by this method, of ozone in the upper 
atmosphere. 

3. The increase in the auroral discharges that accompany spot 
maxima tend to increase the amount of ozone, especially in the higher 
latitudes. 

4. The change in the temperature of the earth, and all its train of 
consequences, from spot maximum to spot minimum, is not neces- 
sarily dependent upon a change in the solar constant. It may depend 
largely, if not wholly, upon a change in the absorptive property of 
the atmosphere, caused, we believe, by a variation in the amount of 
ozone produced by ultra-violet radiation and by auroral discharges. 


SUGGESTIONS 


In addition to a careful determination of the solar constant and 
terrestrial temperatures during one or more spot cycles, it would be 
well to measure, at the same time, the accompanying changes in the 
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ultra-violet portion of the radiation, and also to follow, over the same 
cycles, the temperature and height of the isothermal layer, and to 
note, if possible, the amount of ozone in the upper atmosphere. 

The information here called for is difficult, though not impossible, 
to obtain; but much of it—it may be all—is essential, though per- 
haps not sufficient, to the solution of the complex problem concerning 
the relation of solar activities to terrestrial temperatures—a problem 
of great interest, both from the strictly scientific and from the purely 
utilitarian standpoints. 

Mount WEATHER OBSERVATORY 


BLUEMONT, VA, 
April 1910 


FORMULAE FOR THE SPECTRAL SERIES FOR THE 
ALKALI METALS AND HELIUM 


By RT. BIRGE 


The recent extension of the principal series of the sodium spectrum 
to the forty-seventh member by R. W. Wood,' of the second subordi- 
nate series of sodium to the eleventh member by H. Zickendraht,? 
and of the principal series of potassium, rubidium, and caesium to 
the twenty-third, twenty-fourth, and twentieth members, respectively, 
by P. V. Bevan, gives us a means of testing very accurately the 
various formulae proposed to represent spectral series. The author 
has found that the Kayser and Runge formula, even with four 
undetermined coefficients, is quite inadequate. On the other hand, 
the Ritz5 formula, with three undetermined coefficients and a uni- 
versal constant, is quite adequate for substances with low atomic 
weights, but becomes less so, as we ascend from potassium to caesium, 
failing utterly in the case of the last-named substance. 

In order to obtain the best possible results, all wave-lengths were 
first reduced to the new Fabry and Perot scale. This scale, founded 
on Michelson’s® measurement of the red cadmium line, and remeas- 
ured by Benoit, Fabry, and Perot,’ is undoubtedly more accurate than 
the Rowland values. The list of secondary standards, as determined 
by Fabry and Buisson,® extending from A=6495 to A= 2374, gives us 
the material for a complete table of corrections, to be applied to the 
formerly accepted values. These corrections, when plotted, lie on a 
complicated curve, and cannot be wholly compensated for by adjust- 
ment of constants in the spectral formulae, especially when the actual 
wave-lengths are known very accurately, as in the case of helium. 

1 Astrophysical Journal, 29, 97, 1909. 

2 Annalen der Physik, 31, 233, 1910. 

3 Phil. Mag., 19, 195, 190. 

4 Kayser’s Handbuch der Spectroscopie, 2, 514. 


5 Annalen der Physik, 12, 264, 1903. 

© Michelson and Benoit, Mémoires du bureau internationales des poids et mesures, 
Lire 1505: 

7 Comptes Rendus, 144, 1082, 1907. 8 Ibid., 144, 1155, 1907. 
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Therefore the following table of corrections, expressed in A, 
has been prepared. From A=2300 to 4600, the comparison is 
between Fabry and Buisson’s iron lines (terrestrial),’ and Kayser’s 
iron lines (terrestrial) ,? while between A= 4600 and 6500, the compari- 
son is between Fabry and Perot’s solar lines,3 and Rowland’s solar 
lines. 


CORRECTIONS FOR REDUCTION TO FABRY AND PEROT SCALE 


a Correction r Correction r Correction r Correction 
in A A in A A in A A in A A 
2400 —=6.08 3300 Oakes 4100 —=O,15 5300 = Ost6 
2500 —0.08 3400 =O 13 4200 =O; 16 5400 =Orro 
2600 —0.08 3450 —0.14 4300 =—©0.16 5500 ihe 
2700 — 0.09 3500 — 2 4400 Set be 5600 mich s: 
2800 —0o.10 3600 9.15 4600 <i 7 5800 —O25 
2900 0.4 3700 =O. 15 4800 = Ort} 6000 —0O,21 
3000 aepe 3800 —=OE5 5000 gn BS iy 6200 —0.20 
3100 OBI 3900 —0.14 5100 —0o.16 6400 = 0.21, 
3200 OC TT. 4000 —©,15 5200 —0O.15 ||. 6600 —0.22 


The above corrections reduce wave-lengths at 20° C., 760 mm 
on the old scale, to wave-lengths at 15° C., 760 mm on the Fabry 
and Perot scale. To correct to vacuo, the Kayser and Runge4 
values of the index of refraction of air, at 15°, 760 mm, obtained by 
interpolation from their original curve, were used. 

This reduction to the Fabry and Perot scale necessitates the cal- 
culation of a new universal constant (IV) for use in the Ritz formula. 
The recent remeasurement of hydrogen 6 and ¢€ by Evershed,’ 
together with the Rowland determinations of hydrogen a, §, and ¥, 
gives us five accurately determined lines, each of which gives a value 


4X 108 
of N, directly | N,= ae where /is the constant of the hydrogen 


m 


formula A= he , | . The values of these five hydrogen lines in 


12 — 
air, and 7m vacuo, with the h derived from each, and the difference 


1 Comptes Rendus, 144, 1155, 1907. 

2 Annalen der Physik, 3, 195, 1900. 

3 Fabry and Perot, Astrophysical Journal, 15, 261, 1902. 
4H. Kayser, op. cit., Bd. 1, 719. 

5 Astrophysical Journal; 28, 162, 1908. 
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between observed and calculated values, using the average h, are 
given below. 


m Letter X (air) A (vacuo) h A (obs.) — A (cal.) 
Dias hae alleen Be a a 6563 .045 6564 .635 3647 .O19 —o.002 A 
el See eee B 4861 .527 4862.712 035 +o0.018 
AT a1 ahha OEP ae y 4340 .634 4341 .693 sore +0.001 
O wie watgh: a ee wears 6 4101 .goo 4102 .QOI .023 +0.002 
Fre Ce a F € 3970.212 2071 £65 .007 —0.0T5 
PAVETAC Clea ci 3647 .021 


8 
Then t= aca 109,678. 6. 


The former Ritz value is 109,675.0. ‘This new value gives, for 
hydrogen, exactly the same agreement between observed and cal- 
culated values as does the old. : 

In determining a formula to express the principal sodium series, 
it was immediately evident that the Kayser and Runge formula 
was unsatisfactory. In using their formula, Kayser and Runge 
worked with the wave-lengths in air, and Bevan," in testing the 
complete sodium series by this formula, also used the air-values. 
Since the correction to be applied, in reducing to vacuo, varies from 
1.63 A to 0.73 A, it might be thought that the error introduced by a 
failure so to reduce would be considerable. However, this was not 
found to be the case, and the conclusions reached by Bevan apply 
equally well, if the wave-lengths 7m vacuo are used, the differences 
between observed and calculated values reaching a maximum of 
2.7 A for the four-coefficient formula. 

In calculating spectral series with any formula, certain lines are 
chosen for the determination of constants, as a least-square solution 
involves much labor. It is found, however, that the results vary 
considerably, according to the lines used, and the author, after much 
needless work, was led to the following general conclusions. 

The lines for which 1 is large (near the head of the series) are 
fixed principally by the value of the convergence frequency (the fi st 
undetermined coefficient in all formulae). Small changes in the 
other constants do not affect these higher terms. ‘The lower lines 
in the series, however, are greatly affected by changes in these other 

t Proc. Roy. Soc., A, 83, 421, 1910. ; 
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constants. ‘Therefore, in a formula with m undetermined coefficients, 
use one line near the head of the series, and the first m—z1 lines of 
the series, to determine the m coefficients. This rule will ordinarily 
give results most nearly approximating a least-square solution. In 
determining what line near the head of the series can best be used, 
the differences between observed wave-lengths of successive lines are 
calculated, then the differences of these differences—these latter 
being plotted and a smooth curve drawn through them. Any line 
near the head of the series which corresponds to a point lying on 
this curve will give a good average result. Moreover, the divergence 
of the points from this curve gives the general experimental errors, 
which no formula will correct, and gives therefore the minimum 
difference between observed and calculated values, to be obtained 
by the use of the correct formula, assuming that such a one exists. 
The Ritz formula, for all the elements tried, save only caesium, 
gave differences in exact coincidence with this minimum difference. 
The formula, as derived mathematically by Ritz, is an infinite 
series of unknown form. For the expansion Ritz used the semi- 


convergent development 


oe 


bee Z 
(ntat e+ o4 ae ) 
nu? -n* 


actually employing only the first three terms of the denominator. 


NV, is the universal constant, A the convergence frequency of the 
‘t08 
series, and v the frequency ee Ofdernmn7 (72.3 etc:), Ritz. has 


given this formula in two different forms: 


I, v=A oo 
an 
n?2 
ee 
(n+o ty, |4 -») 


This latter form can be expanded, by successive approximations, 
into 
eae gTE eM 2 Ns CEN SM WAN OR CANE 
(ntapA ME SEE Ae ) 


n3 n+ n 


v=A— 
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It differs, however, from [1] only by infinitesimals of higher order. 
The first form has been used in the calculations, the results of which 
are given in the following tables. These tables also embody the 
differences between observed and calculated wave-lengths, recal- 
culated with the published constants and vacuo frequencies of Ritz. 
The results vary considerably in some cases from those given in his 
papers, especially as regards the lower members of the series, and 
the discrepancy is only partly accounted for by the fact that the 
published constants are not given to a sufficient number of places. 

The following tables give the results for the principal series (less 
refrangible member of the pairs) of the alkali metals and for the 
single-line principal series of helium. 


TABLES 


Column 1. Number of line in the series. 

Wave-length in air— Angstrom units. 

Wave-length im vacuo (Fabry and Perot scale). 

4. Estimated maximum experimental error. 

5. Difference between observed and calculated wave-lengths, as pub- 

lished by Ritz. 

The above difference, as recalculated by the author with the same 

constants. 

7. The difference, computed with the new constants of the author, and 
with the Fabry and Perot wave-lengths of column 3. 

8. The observer of the line. 

* denotes the lines used in determination of constants. 
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TABLE I 
LITHIUM 


New constants No=109,678.6 (universal) 
A= 43,482 .115 
a@=—0.047423 


b=+0.025801 

I 2 3 4 5 6 OI 8 

n Xair) (vacuo) E R old) RG R’(new) Observer 
2 ce tartan pO ee 6709.83 | 0.2 |+0.00*|/+0.76 |+0.00*/ Kayser and Runge 
raat a auto 3232.77 1 3233050.) "OCO% t=O. COTE OnO5 MEE Os 00F 5 - 
Ae eaine 2741.30 | 2742.10. | 0.03 |-F0.07 140,66 10707 n a 
ee ara 2562.60 | 2563827) "0.03 1-@.00*| —0,00 2-0 708 * ia 
Oise as 2495-32 +) 2495.70 | 0.8.) eee On lt en Oma #y ss 
T See 2425.55 | 2420-197] O13 4 +O.Oln =O. 654 —Oar0 5 re 
Bocca | (2304-54) 2305 177) Oe a OOF ie GnG satan e ie es 
Oates 237300) 2374.52 — |+0.10 |+0.14 |+0.00*} Liveing and Dewar 
TO eae 2359.4 2360.02 —) sO 220i O27 ones ‘ Pi 
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LABLE II 
SODIUM 


New constants A = 41,450.083 
a= + 0.144335 
b= —0.1130286 
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cee ewer 


oe eer wwe 


ee 


eee eee 


a b,.6uh wate 


Cie Sh e9c8 


s Bots 6 + 


o x 2 6 4% 2 


eee eeee 


Ca ae a 


eoeeeneere 


hae) be Ee 


eee eee 


eee eee 


Bis wile eo: + ~e 


re Oe ay ee 


cere eee 


re Ca ee 


2.5.0.6) & 


c,d ewe) ew 


se eee ee 


£8 6.0 Fo 


see ee ee 


75 9s 0 ® 


eee ne 


PRG ha 9 


See ss @ 


2 3 4 5 6 7 8 
X (air) A (waco) E R (old) R, R’(new) Observer 
0.00 |+0.00*|+0.12 |+0.00* 
0.03 |+0.03 |+0.04 |+0.00*|} Kayser and Ru 
a5S2.01°|° 2053.03] 0.05 |~—0.10.|—oulS -|—0,04 
fe) 
° 


10. [O15 | —On7 i. t-o.00 

2543-82 | 2544.49 —a.22 |—0.22 |—o0.05 | Wood 
#ST2245 | 2SF2".00 =O. I t= OS A On i 
2490.70 | 2491.36 —0.04 
75.60 76.26 +0.03 a 
64.53 65.18 +0.10 a 
56.02 56.67 +0.05 ¥: 
49 .46 50.11 +0.04 * 
44.24 44.89 —0.03 is 
40.06 40.71 +0.01 ~ 
36.70 BY 335 +0.06 Ss 
33-85 34-50 +0.04 © 
31.43 32.08 =O: 08 y 
29.42 30.07 0.02 
a7 52 25.37 —o.0O1 i: 
26.28 26.93 “ion O2 < 
25.00 25.65 +0.03 - 
23.88 24.53 +0.01 = 
22.90 23-55 0.00 ss 
22.04 22.69 +0.00* he 
21.209 21.93 ‘Pa.02 
20.60 ZI 25 ++O.01 S 
20.02 20.67 +0.04 “¢ 
19.50 20.15 +0.07 re 
19.09 19 .65 +0.06 a 
18.44 19.09 5.105 ny 
18.09 18.74 +0.00 = 
"7.7% 18.36 =i, OF . 
Be tern 17.38 18.03 +o.0o1 a 
ry ee 17.10 £7375 +0.02 " 
16.80 17.45 +0.00 - 
i 16.56 ry. 21 +0.03 “s 
Bh Kes 16.33 16.98 +0.04 a 
16.11 16.76 +0.03 24 
15.89 16.54 +0.02 fs 
15.70 16.35 +0.03 By 
15.52 16.17 +0.02 ve 
£5.37 16.02 +0.03 iz 
15.21 15.86 +0.04 ~ 
15 .06 15-71 +0.03 % 
14.94 5 ..50 o-05 hy 
14.78 15.43 +0.01 ‘ 
14.64 15-29 —o.0I - 


ave t © 2 


252480 0 
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Experimental data seem to indicate, in the case of the alkali 
metals especially, a relation between the principal series and the 


TABLE III 
POTASSIUM 
New constants A =35,006.51 
a= +0.286017 
b=—0. 22083 
4 5 6 7 
n aN (air) \ (vacuo) E Rvold) R, R’mew) Observer 
DS he 7699.30 | 77OL «17 1 0-2) || 60-00% +o0.00*| Average of all ob- 
servations 
at eee 4047.36 | 4048.36 | 0.03 |+0.00* +o.o1*| Kayser and Runge 
AES conte 3447.49 | 3448.34 | 0.03 |+0.13 +0.04 ‘ v4 
Gia g ete Be 2217.70: | > 2a1S25 8.0.03 [0,007 —0:02 es " 
O sie ieee 2102..37.| 2FOg aS s|oO 10 o.40 +0.08 X § 
(for: 2034.04} 302507) 1-0. 1G — igo B20 o . 
moe 2092.33 | 20903.09-] 0.15 |—o.19 —OntG # as 
Cas 63.36 64.11 |-0.20 |—0.13 —0.25 ve - 
FOL rar 42.8 43554 | 11.00) }—o7,27 ai EF) es ee 
II 28.0 28.74 +o0.07 | Bevan 
5 Roe ear tt 16.6 P7033 + Ox10 “ie 
1g euch 07.6 08 . 33 +0.09 5 
se ee 00.4 OD. 13 —0.02 Ay 
15 2894.6 2895 . 33 — 9210 s 
date. oe ae 89.7 90.43 =. 2 
BF. oie 85.9 86.63 = 125 2s 
shee oe 82.9 83 .63 +0.00* a 
£0 Seen 80.3 81.02 +0.15 e 
20a teow TIO) 78.62 +a.09 . 
QIN sae 75.8 76.52 +0.01 = 
Ba, Ae: 74.1 74.82 + O207 
220 cons me 72.5 72122 +0.00 rr 
2A verre: WE 71.82 —3.04 ns 
20 eee 70.0 70.72 +0505 Ee 


second subordinate (sharp) series, and both Rydberg' and Ritz 
have incorporated this connection in their formulae, Ritz writing his 


M=1.5 


u—2 


It 


on) (vtat+S) (mto+2.) 


n= 2, 3, etc. for principal series. 
M=1.5, 2.5, etc. for second subordinate series. 


| 


It is evident that the first term of each series is the same, except 
that v is negative in one case, and’ positive in the other. 
formula the sign of v has no significance, so that the two lines are 
really identical. 

t K. Svenska Vetensk, Akad. Hand., 23, No. 11, 1890. 
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By comparison with the sodium formula already evaluated, 


No 


B72 =41450.083 
( Wa ad we 
ass: 


and, for the second subordinate series, using the derived values of 
ie Gand 0, 


a a 
+v=1009,678.6 (2+.x44335— 758) (mar) ‘: 


2? 


A= 


Thus, of the three normally arbitrary conditions arising from three 
undetermined coefficients, only one remains arbitrary in the case 


TABLE IV 
RUBIDIUM 


New constants A =33,689.07 


a= +0.345505 
b= —o0.265760 


I 3 4 5 7 8 
n A (vacuo) E R (old) iit (new) Observer 

oe alte Cala pike adie, 81-1 Dae Le! ? +o.00* +o.o0* | H. Lehmann 
ae re 4216.75 0.03 +o0.00% +o0.00* | Kayser and Runge 
reas hess wha et L 3592.62 0.05 +0.00* +0.20 e me 
Sepa keh Rah eOg D205 9 20.1. +o.16 re ; 
Ree ratks a ee 3230.08 —0.01 Ramage 
eee We) OM PL Bees —0.22 Bevan 
Re SE EOE 3123.70 —0.23 x 
Bea ies es), 3052.08 —0.65 . 
es, Sa a a 61.08 —o.4I i 
Bit weet Pa. ks 44.97 —0.40 = 
fa ee Eee ee 32.87 ~0.26 
ie ee ee 22.37 = Ou22 a 
SNe res sia gibt f 15.86 —o.18 2 
CO ee ee og .86 “= 6.05 a 
14s Ee eats ee 04.66 2 " 
ip Seen ner 00.76 01.02 + 
Bees Oh Sota © 2997.06 9.20 > 
BEE kickin hx a's te 94.16 =, 25 y 
a a er 91.76 —0.09 zm 
ORS seca alae ea 89.56 =O. 13 di 
ir ar a a 87 .66 = 2m ns 
Weert ers is 502 86.16 : +0.00 i 
OO Ee Pee ae 84.86 +0.14 i 
“1 See ee 83.85 “+0.41 Be 
“ee 82.85 “1.0753 a 


of the second subordinate series. For the principal series’ constants 
furnish us the value of A, and one relation between a’ and 0’, namely, 
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TABLE V 
CAESIUM 
New constants A =31,304.23 
a=+0.411966 
i b= — 0.33260 
I 2 4 § 7 
n \ (air) E R (old) R’ (new) Observer 
2 eet vee ee 8949 .92 ? +0.00%* —o.o2* | H. Lehmann 
CE noe 4593 -34 0.05 +0.00* +o0.00* | Kayser and Runge 
Ayers wee Lee 3888 .83 O.1 +0.00* —0.32 a oh 
Lee 3617.08 fe) 6.92 aia 4 
ei. eens 3477.25 —4.00 i: 
Yee eee 3398 .40 —2.80 | Ramage 
8. ait nate wees 48.72 <3 be: 
ee ar ear ee £3\'s Bevan 
10. Flee ee 3288.9 sgh 5 a fe i: 
EE wre mee 70.6 wor Lie Ga o 
rie: Ly ga a 
be We Cr NE PEG fa. 45-9 se 
4c ee eae ees ce 
EB Si sees ieee 30.9 —~tFIO a 
16s ee 26.0 ns 
ty ee 21.6 * 
Sch wu odes E74 —=~Cne sy, - 
TOS... Resncanoee tee id +0.00* “ 
20. aa Lis sh 
21 a 09 .6 ue 
A LR Se eT ED 08.0 so OP ts) eS 
{ 
TABLE VI 
HELIUM 
New constants A =32,033.20 
a=+0.011I31 
=—0.004767 
I 2 4 5 6 7 8 
n 4 (air) A (vacuo) E R (old) * R, R’ (new) Observer 
Dore 20,400 ? |—8o. —20. F. Paschen 
3. --| 5015-732 | 5016.966 | 0.02 !+0.000*/+0.010!+0.00*; Runge and Paschen 
4. ..| 3964.875 | 3965.848 | 0.02 |--0.000%* +o0.00* ‘i ee 
5. --| 3613.785 | 3614.662 | 0.02 |+0.000*| +0.003|+0.01 2 
6). 27) 3449-734. 13448557501 0.02 102008 0.025 ‘ 
7 ..-| 3354-667 | 3355.499 | 0.02 |—0.038 +0 70x ss 
8 ...].3296.900 | 3297.726 | a.02 |—0.032 |—0.028/+-0.03 ie 
ips 3258.336 | 3259.152 | 0.02 |—o.116 —6.04 ms 
IO..¢:} 3231).327) | 32320830 | O.G2m— 0 130 =—-O..8 Wena. 5 
Ee 3211-626. | 22125439 150102 4 =Ogts Bi--0,11 4-004 s 
Lay: 3196.8F | 3197:62 | 0.02¢)—Gn00 (10. 4014-004 a 
14% 2] 3190007) [+0.08] - 


ce 


ce 


SPECTRAL SERIES FOR ALKALIES AND HELIUM T2r 


that relation which will give a correct calculated value for the line 
m=1.5 (or n=2), which is common to both series. The infra-red 
line A=11,381.1 (m=2.5) has been measured by Lewis with great 
accuracy. ‘Therefore this line must be taken as the other determining 
one. Th> resulting coefficients are: 


A = 24,493 .93 
a’=+0.151022 
b’ = —0.054833. 


In the following table, column a gives the differences between 
observed and calculated values, using these constants. 


TABLE VII 
SopIUM, SECOND SUBORDINATE SERIES 


I 2 3 4 8 

m d (air) X (vacuo) E a b Observer 
1.5....| —[5896.16] | —5897.563 +0.00*| [—20.] 
ae Sar <P OX, 308, 1 11,384.2 ore —9.16*| —o.o04*| P. Lewis 
Cree 6154.62 BicGres Orr +0.67 | +0.02*| Kayser and Runge 
BE ees 3 5149.19 5150.47 O.1 40.50: |) -0-19 és * 
ae Pose 4748.36 4749 .52 O.r5 | 0.45, bo O. 25 ri si 
Se soot i ead 70 4542.80 | 0.20 | +0.08 | —o.03 | Zickendraht 
ra Cee 4419.9 4420.96 +0.02 | +0-00 a 
oe 4341.4 4342.46 O20 | 40.15 $* 
eee 4287.7 4288.75 aS Ave 2 8 
Soak eG. 4. 4249.5 4250.54 | -+0O.2r | -£0.00* 
Wires hs 4220.5 4227-53 4k 1-20 3 ai 
0 ee 4198.5 4199.52 = O..05. Vi O.75 es 


Zickendraht estimates his experimental error as 0.05 A at 4500, 
increasing to 0.3A at 4200. According to this, the differences are 
much greater than the experimental errors. But the wave-lengths, as 
determined by different observers, were measured under different 
conditions of excitation, and seem to vary considerably as a result. 
Thus for m=6.5, Kayser gives 4=4542.75 (error=o.2 A) while 
Zickendraht finds A=4541.70 (error=0.05 A). Taking these facts 
into consideration, the formula seems to be fairly satisfactory. 

Deriving a formula for this series, independent of the principal 
series, so that m=1.5 is not included, we get these new values for 
the constants 

A=24,493.41 
a=+0.150440 
b=—0.050864. 
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The differences between observed and calculated values, using these 
new values, are given in column 0, of Table VII. ‘They are seen to be 
a slight improvement, but if m=1.5 had been included, there would 
have been absolutely no improvement. This is shown by the fact 
that the convergence frequency (A) calculated independently of the 
principal series (A = 24,493.41) differs from the A furnished by the 
principal series (A = 24,493.93) by only 5 units in the sixth place. 
Therefore the main relation between the principal series and second 
subordinate series (namely, that the difference between the conver- 
gence frequencies of these two series gives the frequency of the term 
common to the two series) is accurately true. ° 

Now, as to the results for the principal series: The calculated 
differences, using the new constants, in the case of lithium, sodium, 
and potassium, lie practically within the estimated maximum errors 
given by Kayser and Runge. The experimental errors estimated 
by Wood and Bevan (.02 A for sodium, 0.2 A for potassium, and 0.3 
to 0.4A for rubidium) consider only the accidental variations in 
measurement, and do not take into account constant errors of any 
kind, such as would be caused by varying conditions of temperature 
and pressure, finite width of the lines (when caused by assymmetrical 
broadening), etc. A consideration of these statements, together with 
the fact that the calculated differences vary quite irregularly over the 
positive and negative region, is sufficient to show that the calculated 
differences must have been caused by experimental errors, and that, 
therefore, the Ritz formula is satisfactory. 

For helium the estimated maximum error is 0.02 A, and here 
again the calculated differences have a maximum of twice this amount 
but it is instructive to note that, in all cases, the smaller the estimated 
error, the smaller are the maximum calculated differences, the two 
preserving an almost constant ratio. These conclusions do not hold 
at all in the case of caesium, where the differences have a maximum 
of 4 A, with an estimated error of 0.4A. This discrepancy may be 
considered also from the following point of view. 

The Ritz formula has theoretically the form of an infinite series. 
How many terms of the series need actually be used depends directly 
upon the size of the coefficients of the several terms. But these 
coefficients are found to increase with increasing atomic weight, so 
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that higher terms of the theoretical series become less negligible, as 
the atomic weight increases. ‘This increase in coefficients is shown 
in the following table: 


* 


TABLE VIII 


Substance Atomic Weight a b 
Hydrogens iv e.4.0<1 I fo) fo) 
PICMGIN Ge es 4 O.OIII 0.0047 
ERRNO: free. oe oe + 7 0.047 0.026 
ENGI as: Eun weal 23 0.144 Gru 4 
PRA OATUE a coding «5 39 0.287 Oo, 221 
PTOI ones > 85 0-345 0.266 
oe Oe ee ee 133 0.412 0.333 


Moreover, in the case of Na, K, Rb, and Cs, the coefficients bear 
a definite relation to the atomic volumes, namely, that both a and b 
are directly proportional to the atomic volume. Hicks,’ using the 


formula 
ING 


(mets) 
mta+— 
m 


found similar relations. ‘These relations are shown below. 


v=A— 


TABLE IX 
Substance | a ee ee acer t) 
Dros Hea ws BuLadss}—G,Tis02-) 02784 | 23.6060 1 613 X 1075 480 X 1075 
eee eo GO 25002 |—O2220G¢31 O2770 | 44.677.) 642)“ AGS ee 
Mie can?, 25 ares 0.34550: |—0.26577 | 0.768 | 56.05 ey Sas Ga ne 
8 fe aoe ee 0.41196 |—0.33269 Ooo Os SGA ts SRe. oS cs fe ee 
ee 


These results show far more than a chance coincidence, and indi- 
cate very clearly, as Hicks points out, that the coefficients have some 
relation to the physical properties of the atom. ‘These relationships 
are an argument for continuing the use of the Ritz formula, increasing 
the number of coefficients, if necessary, rather than seeking for an 
entirely new type of formula, as several authors have done, since 
Ritz first published his results. 


1 “A Critical Study of Spectral Series,” Proc. Roy. Soc., 83, 226, 1910. 
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Conclusion.—We may conclude, then, that the Ritz formula, with 
three undetermined coefficients, will represent practically within 
experimental errors the principal series of helium, and of all the 
alkali metals, except caesium. Sodium is represented with especial 
accuracy, contrary to the conclusions of Bevan (loc. cit.). For sodium, 
also, the chief relation between the principal series and the second 
subordinate series is quite accurately fulfilled. | 
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TWO SOLAR PROMINENCES 
By FREDERICK SLOCUM 


During March and April of the present year the surface of the sun 
presented an appearance characteristic of the approach to a minimum 
sun-spot period. Sun-spots were very few and small. Faculae and 
flocculi were weak and scattered. Solar prominences, on the other 
hand, were both numerous and active. Two prominences were of 
especial interest: one, on March 25, on account of its remarkable 
activity and brief existence; the other, observed from March 4 until 
April 28, on account of its great size, slow changes, and long life. 


I. PROMINENCE OF MARCH 4—APRIL 28 


The following table gives the chief facts in regard to the location 
of the prominence on the sun’s limb and its dimensions on the various 
dates of observation. Plate XII shows reproductions of several of 
the photographs, all of which were made with the Rumford spectro- 
heliograph, using the H, line of calcium. 


e 


Date secant ae tere eae Lateral Extent Apparent Height 

IQ1O km km 
IMLATEDY Ae oo) Gea 2 226°-249° 280,000 95°6 69,000 
March Tar. ees: 3 52° 79° 328,000 84.9 61,000 
Paar Sek 6 48°— 83° 426,000 95-5 69,000 
SAGICRI IGT). oa. 9 37°— 84° 572,000 106.I 77,000 
Biaren ise es. ree a 224°—236° 146,000 29.6 21,000 
PRDEE eh ard Sioa I 222°—2 20° 97,000 10 tp 12,000 
Pea E941 Sy: 2 63°— 71° 97,000 26.0 19,000 
MADE Pe crass 2 ak: 7 502-37 450,000 64.3 47,000 
MBO P45 oss: -F 3 59°- 80° 255,000 29.5 ~21,000 
PII CG eet c. 2 pls 80° go? 122,000 2424» 18,000 
POSEN ike oe. 5. I 225°-240° 182,000 67.1 49,000 
PMS oon c ep .2' 5 218°—23 3° 182,000 83.1 61,000 


When first seen on March 4 the prominence resembled a great 
compact mass with fine irregular markings on its surface, somewhat 
similar to those shown in the photograph of April 13, Fig. 4. It 
was then just passing around the western edge of the sun. On 
March 16 it reappeared, rising over the eastern edge, greater in extent 
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and transformed in appearance. By the next day it had reached its 
greatest apparent elevation, and resembled a grove of banyan trees 
with short, rugged trunks and intertwining branches. ‘The general 
aspect remained the same throughout the day, but the minor details 
were constantly changing. Some such changes are shown in Figs. 1 
and 2, Plate XII, which were taken on this date at an interval of 4 
minutes. The most conspicuous difference is the bright jet which 
appeared near the right-hand edge of the main mass of the prominence 
at some time between 5° 26™and 58 30™. This particular feature may 
be an independent eruption projected against the prominence. Other 
differences may be noted in the size and shape of the tree trunks and 
in the position of the branches. 

On March 18 the rotation of the sun had brought the prominence 
around so that the trunks and lower branches were projected against 
the disk and were therefore invisible. The tops of the branches 
remained visible and from these great streamers went out to the right 
and to the left, curving down to the photosphere, reaching over an 
arc of 47° of the sun’s limb, or 572,000 km. 

At this time the prominence extended from latitude — 20° to about 
+25°, and its longitude was approximately 70°. This region was 
carefully examined on the talcium flocculi plates of the following days, 
but no trace of the prominence could be seen projected on the disk. 
Near the south end of the prominence was a scattered group of cal- 
cium flocculi, and about 20° following the north end was a small 
sun-spot closely surrounded by flocculi. Between these two there 
was nothing but the ordinary small granular flocculi which cover the 
whole disk of the sun. 

No plates were obtained on March 29 or 30, but on March 31 and 
April 1 the top of the prominence was seen passing over the western 
edge. ‘Twelve days later it reappeared once more on the eastern 
limb. Photographs were obtained on April 12, 13, 14, and 15. ‘The 
maximum apparent elevation was reached on the afternoon of April 
13. The appearance of the prominence at 75 47™ G.M.T. is shown 
in Fig. 4, Plate XII. Visual observations a few minutes later showed 
that the size and configuration of the prominence in the light of 
Ha, H8, and D, were essentially the same as shown on the photo- 
graph taken in the light of calcium H. 
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During the following week the spectroheliograms of the disk were 
again carefully examined for traces of the prominence, but, as before, 
without success. 

For the fifth time the prominence made its appearance on April 27 
and 28 on the western edge of the sun. Its appearance had greatly 
changed. Its lateral extent was much less and its general appearance 
more like a compact mass, Fig. 5, Plate XII. Prominence plates were 
obtained on May 11, 12, 13, and 14, but no trace of a prominence 
could be seen where the great prominence had been. After an 
existence, probably continuous, of at least 55 days, it had at last 
vanished. ‘Throughout the observations the southern extremity of 
the prominence remained in the vicinity of latitude — 20°, while the 
northern limit varied greatly; starting near the equator on March 4, 
it moved up to +25° on March 18 and then Sue retreated to 
—1o0° on April 28. 


II. PROMINENCE OF MARCH 25, IQIO 


This prominence was first noticed on a plate taken at 7" 46™7, 
G.M.T., March 24. It was conical in shape, the base extending from 
position-angle 230° to 235°, and the apex rising to an apparent height 
of 46,500 km. ‘The first plate of March 25, at 28 54™9, showed that 
the form had become similar to a rugged oak tree 75,500 km high, 
the trunk at 229°7, and the branches extending from 225° to 235°. 
From this time on, the development of the prominence was very 
rapid. At 4" 14™7 it had risen to a height of 120,000 km, Plate XIII, 
Fig. 1. This increase in elevation was produced in two ways: first, 
‘by the tapering aloft of the tree; and secondly, by the ascent of the 
tree as a whole, including the trunk and roots. No less than eleven 
rootlike filaments connected the trunk and spreading branches with 
the chromosphere. During the next forty minutes the prominence 
lost all resemblance to a tree. At 4> 56™1, Plate XIII, Fig. 2, two 
brilliant condensations at an altitude of 115,000 km were con- 
nected with the chromosphere by several filaments, and other fainter 
streamers reached up to a point 240,100 km high. The axis of the 
prominence, which had been normal to the surface of the sun, now 
appeared inclined 25° south of the vertical. 

Between 4° 56™ 1 and 4" 57™9 occurred the maximum observed 
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motion, 11,600 km in 1.8 minutes, giving a rate of 107 km per second. 
At 5 10™6 the two condensations had apparently blended and all 
the filaments united into one, giving a fair representation of.a giant 
flamingo standing on one leg. At 5? 43™o all that remained was a 
long thin filament rising, with a very slight curve toward the south, 
to a height of 281,000 km, then making a sharp turn and extending 
97,000 km horizontally toward the south, and finally terminating in 
a cloud 74,000 km in diameter. The total length of the prominence 


Date G.M.T No. Plate Number Height 
h m 4 km 
1910 March 24...\. 7, 46°57 I 3548 64 46,500 
Marchio6 gacine 2 64.0 2 25st 104 75,500 
AeetAs 7 eS 3553 166 120,000 
fi Lac 4 171 123,900 
4 50.1 5 3554 332 240,100 
4 57-9 6 348 251,700 
5 10.6 7 3555 351 253,700 
5 43-0 8 3556 * 402 290,500* 
ae ets 9 402 290,500 
5 55-4 IO 3557 442 319,500* 
ay ey Nat II 442 319,590 
ye od! 12 3558 NO Pe Erace 
7 45.6 13 


* Exposure cut off below the highest point of the prominence. 


as shown on this plate is 450,000 km, its apparent elevation 290,500 
km. Fig. 3, Plate XIII, shows the prominence two minutes later. The 
point of the arrow marks the location of the faint terminal cloud, which 
shows clearly on the original negative. Unfortunately this and the 
following plates do not show quite the whole of the prominence, 
the exposure being cut off too near the sun’s limb. At 5 55™4 
the filament had vanished, the detached cloud alone remaining, 
floating toward the south at a height of 319,500 km or 7’ 22’, and at 
a rate of 50 km per sec. On the next plate, at 75 43™3, no trace of 
the prominence can be seen. 

The dissolution of eruptive prominences by vanishing upward in 
this way, rather than by subsidence, has frequently been observed 
and seems to be a characteristic of this type of prominence. 

The source of the prominence was in latitude —16°, longitude 
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144°. This region was carefully examined on the calcium plates of 
the disk taken on March 22, 23, 24, 25, but no trace of anything of 
especial interest was detected. The nearest disturbance on the disk 
was a large area of straggling flocculi from 5° to 15° north and from 
5° to 25° east of the place of the prominence. ‘The table on p. 128 
gives a summary of the observations. 


YERKES OBSERVATORY 
June 3, 1910 


REMARKS ON WILSING AND SCHEINER’S MEMOIR ON 
THE TEMPERATURE OF 109 STARS 


By J. WILSING 


The review of the above memoir,’ by Mr. Abbot, published in this ~ 
Journal for April (31, 274, 1910) gives to the authors a welcome 
opportunity for making here a further statement as to the purpose and 
results of their investigation, particularly as the continuation of the 
measurements has furnished the material for settling one of the ques- 
tions touched upon by Mr. Abbot. 

The realization of Kirchhoff’s black-body radiation renders it 
possible, in connection with the theoretical investigations by Wien 
and by Planck as to the form of Kirchhoff’s function under certain 
conditions, to determine the temperature of a radiating body by 
measuring the energy-curve of the spectrum. ‘These premises are 
thoroughly discussed in our Memoir, p. 20. In the first place, it is 
permissible to employ the radiation formula only in the case of pure 
temperature radiation. In the case of the temperature of celestial 
bodies, the question can in general be answered only a posteriori 
according to the agreement between measurement and theory. The 
latest investigations on the solar spectrum by Messrs. George E. 
Hale, Walter S. Adams, and others, in connection with laboratory 
experiments, permit us to regard the solar radiation as essentially a 
temperature radiation. Aside from the fulfilment of this condition, 
however, the transition from the values of the energy measured in the 
spectrum to the temperatures according to Kirchhoft’s law requires 
the knowledge of the absorptive power of the radiating body. The 
object of the investigation could, therefore, be in the present case only 
the computation of the effective temperatures of the stars, 1.e., we 
were to test whether the temperature of an absolutely black body can 
be so determined that the distribution of energy in its spectrum 
agrees with that in the solar spectrum within the errors of observation. 
Of course any value thus computed of the effective stellar tempera- 


tJ. Wilsing und J. Scheiner, ‘‘Temperatur Bestimmung von 1og helleren Sternen 
aus spectralphotometrischen Beobachtungen,” Publikationen des Astrophysikalischen 
* . 

Observatoriums zu Potsdam, No. 56, 19. 
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ture is to be regarded only as a mean value, since, as Mr. Abbot remarks 
and as was emphasized by the authors themselves (p. 43), the radia- 
tions of layers of the photosphere of different temperatures mingle, 
and the absorption, also, has an effect upon the distribution of the 
energy. In spite of this, in the opinion of the authors, the values 
of the temperature of the photosphere computed from the observed 
mean energy-curve may be compared with the value which could 
be computed from the temperatures of the separate radiating layers. 

The comparison of the energy-curves of stellar spectra and of the 
black body (an electrically heated furnace of Heraeus, the tempera- 
ture of which could be measured by a platinum, platinum-rhodium 
thermo-element) was made with the aid of an incandescent electric 
lamp with a carbon filament. From the ratio of intensity of the 
spectrum of furnace and of lamp, found by measurements with the 
spectral photometer, the energy in the spectrum of the lamp, £’), 
was computed by means of the Planck formula for the radiation 
of the furnace 


Ej, =Cd—5(e4T’ —1)-1 


in which 7” denotes the absolute temperature of the furnace, > the 
wave-length, c the constant of the law of radiation, C a second constant 
depending upon the particular conditions of the measurement. If 
log m, is the logarithm of the ratio of intensity between the spectrum 
of the star and of the lamp, photometrically determined, we obtain, 
computing the energy /), in the stellar spectrum and the temperature 
T of the star, equations of condition of the form 


log E,x=log m,.+log E’,+4,=k—5 log no 8 ¢ —log(r—e *7). 
Here A, denotes a correction covering the errors in the values assumed 
for the energy of the radiation of the lamp, for the selective absorption 
in the objective, for the coefficient of transmission of the atmosphere, 
and & isa constant. ‘The last number on the right-hand side of the 
above equation is small, and can always be determined with an 
approximate value 7’, so that we have for the determination of 
the unknowns A,, x, y, or T, linear equations of the form 


Lae log e 
Aces 


: ~~ nN 
log m,+log £’,+5 log A+log (1—e i eee eps ye 
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The measurements were made at five places in the stellar spectrum 
as free as possible from lines, so that there are five equations of con- 
dition for the determination of the quantities « and y tor each star, 
provided we may regard the corrections A, as insignificant. It 
appeared, however, that on this assumption the residuals from the 
adjustment of the measured values of the energy by the method of 
least squares had constant values for each color, independent of the 
temperature (see p. 43). 


log n (observed) —log n (computed) 


‘Temperature 3000°— 5000° 5000°— 7000° 47000°—go000° | gooo°—11000° 

No. of Stars 25 12 13 Io Mean 

Weight 2 I I I 

rN 

OAS pepe tetas 0.033 + 0.039 + 0.045 +0.037 +0029 
OL 480" fan + 0.005 +0.002 =, '0105 +0.006 +0.003 
OXS 1S haa 4075 —o.068 —0.059 —0o0.064 —o.068 
O..5 54 peer. +O0025 +6:013 =—OnO14 ——0' 4009 + 0.003 
Of630 eee FO ,OLt +0.022 + 6.038 +0.036 +0.024 


In order to disclose the cause of these deviations, measures were 
made in the spectrum of sunlight reflected from a chalk surface* 
and in the spectrum of the Argand lamp. ‘The relations of these 
measurements, as well as of the energy-curves of the last two spectra 
of the incandescent lamp employed (which, similarly to those of the 

t The following values were found for the logarithms of the coefficients of reflection 
A, (multiplied by a constant a) of the radiation reflected by the chalk (J. Wilsing and 


J. Scheiner, ‘Comparative Spectral Photometric Observations on the Moon and on 
Stones, etc.,”” Publikationen des Astrophysikalischen Observatoriums, No, 61, 20, 16): 


log aAy 
W.+S. 
A W. Ss 
2 

0.451 M 9.992 9.992 9.992 
0.492. en eee 0.020 0.010 0.015 
0.404 0.001 9.001 9.906 
On 5140 ah eee 9.907 10D 0.007 
O25. cae Wee 0.903 9.985 9.9890 
0.550 9.99090 0.005 0.002 
0.577 9.983 0.014 9 999 
Ol SOS namin caens 0.007 9.992 0.000 
©). OF Seniesa 9.990 ©.014 0.002 
OL O42 tase ieee 0.022 9.085 0.004 


The distribution of the energy in the spectrum of light diffusely reflected from the chalk 
is, therefore, according to these measurements, not different in the visual portion from 
that in the spectrum of the source itself. 
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Argand flame, should agree closely with the energy-curve of a black 
body) give the same residuals as were found in the case of stellar 
spectra. ‘Thus on p. 48 the following summary will be found: 


log £ (observed) —log / (computed) 


; Incandescent Incandescent 
Argand Flame Lempn-x Lamp, 2 Sun Star 
A Temp.=2050° 1970° 1850° 5200° 3000°-11000° 
Pid Ges Bho ox oie +0.020 +0.042 + 0.030 + 0.005 +70.02'9 
OG! ae +0.010 “FO 012 +0.018 +0.028 + 0.003 
i ia ae — 0.046 — 0.086 — 0.074 = Ord 7 —© 007 
Fn Whe ees. > at ST. 2 — 0.003 = ©..006 + 0.005 +0.012 
\, <a +0.027 -}), -+0.036 +0022 “+c, OLE + 0.019 


It follows from this agreement that the distribution of energy in the 
spectra of all sources of light when referred to any desirea funda- 
mental spectrum, such as that of the sun, or of the Argand lamp, is 
completely represented by the Planck formula and that the numerical 
values of the differences 

De aes Ao. 


I 


I 

Te Tee are deter- 
2 

mined without qualification. But the assumption that 


which are independent of the quantities A,, or 


A, =0, 


made in the adjustment of the observations, is not permissible, and 
in fact the determination of the values of the energy of the radiation 
of the lamp E’ by means of the black body turns out to be erroneous 
by amounts notably in excess in some cases of the amounts to be 
expected from the agreement of the measures among themselves. 
As Mr. Abbot properly remarks, our determination of these correc- 
tions A, were not made from independent sources of measures and the 
residuals above given are therefore to be regarded only as the most 
probable values of the quantity —A,. But according to the explana- 
tions given above, the uncertainty from this deficiency affects only the 
determination of the absolute temperature of the fundamental star 
from the comparison with the radiation of the black body. Thus, if, 
for instance, the temperature assumed for the sun required the correc- 
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tion A7’e, the corresponding correction of the stellar temperature 
AT x would be obtained directly from the equation 
aTs=(7*) aTo : 

Here the numbers found from the measurements were to be intro- 
duced for 7x and 7. From the remarks at the close of this note, 
which are based upon new and independent measurements, it follows 
that the constant amount of error in the determination of the tempera- 
ture, which may be ascribed to the differences between the most 
probable and the true values of the corrections A,, cannot for the 
hottest stars much exceed 1000°. 

For comparison with his bolometric measurements on the solar 
spectrum, Mr. Abbot discussed our spectral-photometric observa- 
tions on four different assumptions. Of these only the second is 
permissible. ‘The values of log E assumed by the authors for the 
distribution of energy in the solar spectrum are given in our paper 
entitled “Vergleichende spectralphotometrische Beobachtungen am 
Monde .... ,” p. 29. The following table contains our definitive 
values for log E and those computed by Mr. Abbot. The differences 
are so slight that in what follows Mr. Abbot’s figures have been 
retained. ‘The third column gives the energy of radiation when the 
intensity at Ao.448 » is placed at 1000. The fifth column gives the 
results of the bolometric measurements by Messrs. Abbot and Fowle. 


A 0.448 & 0.480 M 0.513 M 0.584beh 0.638 M 
log FE. ts vei 9.928 0.014 0.033 0.018 0.006 
log: CA DDOU): Spray el. 22 0.018 0.037 0.022 0.009 - 
FE (G=14,600) ~ 7a eee 1000 I219 1274 1230 1194 
EN 6=I A, 200) conn. amma 1000 1167 1172 1052 975 
Abbot and Fowle....> oa. 1000 1040 1000 893 800 


In the attempt to explain the considerable difference between 
the bolometric and the spectral-photometric measurements, Mr. 
Abbot has overlooked the effect due to the uncertainty in the 
assumed numerical value of the radiation constant c. We pointed 
out on p. 41 of our Memoir that, according to determinations of 
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temperature made by Messrs. L. Holborn and S. Valentiner' with the 
nitrogen thermometer, the value c= 14,600 used here in the reductions 
is probably too large, and should be replaced by c=14,200. We 
then obtained from the spectral-photometric measurements 7T'= 
5500° for the solar temperature (see p. 41). ‘The investigations 
recently completed at the Reichsanstalt in Berlin by S. Valentiner? 
seem to make certain the necessity for this correction. It also 
follows from these investigations that all the values of the tensions 
of the thermo-elements, platinum, platinum-rhodium, as previously 
extrapolated for all high temperatures, were too low. Hence a cor- 
rection of AJ,=+7° (corresponding to a mean temperature of 
1500° absolute) should be applied to the data of the thermo-element 
by which was marked the temperature of the furnace. After applying 
the corrections to the values of the energy of the radiation of the lamp 
for c=14,200, and correcting the mean temperature of the black 
body (1500° absolute) by 7°, we obtain for the energy-curve of the 
sun the values in the next to the last row of Table I. If the energy 
in the solar spectrum at A 0.638 » is taken at 100, we get the following 
figures: 


log E 
40.448 A 0.480 A0.573 Ao.584 A 0.638 
asand E.R 125 30 125 112 100 
Wo ang Sih 4s 103 120 120 108 100 
“Witterence \... +22 +10 +5 ir fe) 


Only at Ao.448 » do the differences appreciably exceed the amount 
corresponding to the precision of the spectral-photometric measures, 
particularly since the differences still involve the uncertainty in the 
determination of the coefficient of transmission of the atmosphere. 
Further, photographic determinations of the coefficient of reflection 
of chalk, with which the writer is occupied at present, seem to yield 
a small decrease with the wave-length, which would still further reduce 
the difference between the measurements by the different observers 
by several per cent. Finally, it should be noted that between 40.40 » 
and Ao.45 , and Ao.50 and Ao.54 , according to the data of 


« “Kine Vergleichung der optischen Temperaturskale mit dem Stickstoffthermo- 
meter bis 1600°,”’ Annalen der Physik, 22, 1, 1907. 


2S. Valentiner, op. cit., p. 309. 
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Messrs. Abbot and Fowle,' depressions of a solar nature exist which 
may have affected the two sources of observations in a different 
manner. 

For the wave-length Ana, of the maximum of the energy, Mr. 
Abbot finds from the bolometric measurements A=o.460 » and 
from the spectral photometric measurements A=o0.571 #. ‘The latter 
value is based on the assumption that c=14,600. From the formula 
for the ratio of the solar radiation to the radiation of the black body 
at wave-length A 


we obtain as a correction AJ’© of the solar temperature 


To\? 
A = A 
To (=) thoes 


° 


where AT’, is the change of the temperature of the black body. 
eres 
ipa 
ATo=+4100°. 

Hence, the solar temperature becomes T’@ =5600°, and the wave- 
length of the maximum of intensity, according to Wien’s law, is 
Amax.=0-523 #, whereby the difference between the bolometric and 
the spectral-photometric measurements is reduced almost by half. 
A corresponding diminution occurs in the difference between the 
value 7’© =5962°, derived by Messrs. Abbot and Fowle from their 
pyrometric measures, and the: temperature 5600° (formerly 5100°), 
computed from the spectral-photometric measurements with the 
corrected constant of radiation. From Mr. Abbot’s remark, “It 
seems misleading to compute temperatures from a spectral range of 
only 0.2,” it would seem that he has not considered the form of 
the equations of condition from which the temperatures are deter- 
mined. If A, and A, are the wave-lengths of the places in the spectrum 
at which measurements of energy have been made, we have 


ie A Glogie pcre t 
area Sverre yr ey)! 


We obtain for the factor ¥ —+ the value 0.7 (when we place A, = 


Therefore for AT,=+7°, and 


3°73 


t Annals of the Astrophysical Observatory of the Smithsonian Institution, 2, 108, 
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0.45, and A,=o0.64). This factor becomes unity for measure- 
ments in the infra-red portion of the spectrum for A,=o.7 » and 
A,=2.5 #, where the energy of the solar spectrum, according to the 
measures of Messrs. Abbot and Fowle, is but 1 per cent of its maximum 
value. The accuracy of the determination of temperature from the 
less refrangible portion of the spectrum is, therefore, with equal 
accuracy in the determination of the logarithmic ratio of intensity, 
only greater by one-half, in spite of the ninefold greater extent of 
spectrum than that obtained from the optical region of the spectrum 
covering only 0.2. For deciding the question as to how far the 
distribution of energy in the stellar spectrum may be represented by the 
radiation formula holding good for the black body, it is indeed 
necessary to compare as large an extent as possible of both spectra. 
It is, therefore, very much to be regretted that measurements in the 
region of larger wave-lengths have only been made in the case of the 
sun. 

After the completion of the series of observations published by 
the authors, the simple prism in the spectral-photometer was replaced 
by a Rutherford prism having a dispersion between Ha and Hy of 
6.3. The energy-curve of the lamp was again determined, and at 
ten places, by numerous comparisons of the spectrum of the glow- 
lamp No. 2 with the spectrum of the black body. 


log EH’ 
rN W. S 

OSS the este G.227 9.265 
ed eat Se: eas 9.507 9.496 
Oe ee eee eae 9.703 9.700 
Cap h4 vie ese « 9 .846 9.811 
OS Seat e 9-999 9-994 
CR SO we ane ot 2h ee 0.099 
os ames pcan 0.240 0.247 
Ae ee eS 0.319 0.336 
BPG Ge Ui ake 0.437 0.464 
O.049 4 ean; 0.593 fe) 


‘ .589 


The spectrum of the Argand flame was then compared with that of 
the incandescent lamp, and the temperature of the flame was com- 
puted by Planck’s formula from the measurements of each observer 
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with the values of log H’ found by him. The following table contains 
the differences between observation and computation: 


DIFFERENCES BETWEEN OBSERVED AND COM- 


PUTED VALUES OF 


log E (O.—C.) 
A W. S. Mean 
GeA5t ive colic —0.039 “05,032 0.036 
O-4 72 tae antag +0).025 —0.004 +0.016 
Ol404) Sh PP ies +0o0.016 +0.046 -ovorTg 
O.sS EA me eed tale ae. —0o.008 —=0 O12 +0013 
Gib 35. cs augbuscte eames +0.001 +0. 052 +0.007 
Os. SOD) Sen Ramone —o.006 —0.019 6.1084 
©: GSU Fie oe 8S eer =O 081 +6.CO0 0.007 
O60 3 tee. eens +O. 007 +0.006 +0.007 
OLS heen = 02D + G1018 =<, 005 
Snel Pe Geert eo wor +0 .032 —0.004 +0.014 
Number of observa- 
tons, Ao Ves eee 2 2 . 
sLempera tite. ao: cys 2050° 2050° 2050° 


The’ residuals after the adjustment are represented within the 
uncertainty of the measurements, and the marked deviation in the 
green, which was previously observed, has disappeared entirely. 
This remark also applies to the measurements previously made in 


stellar spectra of the first type. 


For comparison with the earlier 


measures, they have been reduced with the value c= 14,600, and with 
the uncorrected temperature indications of the thermo-element. 


DIFFERENCES BETWEEN OBSERVED AND COMPUTED VALUES OF 


log E (O.—C.) Wilsing 


«eis! cco, 600 16) Sigel ee? eheeaew eae en >) Cs. ce! Ce. 


2) a) 6) le “oi oe) 6 8) © 6 i8l ©) o OP imei ie) "e) 19) a! 10 


0) Te 10 wo Ot wien) Fel vs (a cod Oa e) Mat Cate at lp 


a dey 0 br 6. (eGo fe, ere ojo a oy! is) Ke Rene ne) Je 


OF OTORO O05 OF OO) OO 


O48 Wi hyple ROM ae seen eet 
Number of observations 


| ¢ Pegasi a Pegasi a Leonis 
0.010 |; ~@t6204/ 0 043 
+0.027 | +0.05241 9.003 
—O. 015: | = o.040u 4 OcOee 
0.017 | —O5048 4 0.030 
—“Ol0L7. |r 0, OUc mE —OnOne 
—0.001 | —0.064' | —0.033 
= 00224) --O.015 Wa O.01s 
-0..000 | ——O10054 15 Dno26 
6,005) “GO s025a ——@1o2t 
+0.041.) +0.004 | oF 0.072 
4 4 


a Lyrae 


—o. 
+0, 
—o. 
—o. 
+0: 
On 
—o. 
+0. 
—o. 
—o. 


O14 
o1o 
O17 
004 
o1lo 
044 
006 
028 
029 
003 

2 


y Geminorum 


—o. 
0. 

on 
se) 
On 
+0. 


—o. 
Ol 
+C. 
+o. 


TEMPERATURE OF 109 STARS 139 


DIFFERENCES BETWEEN OBSERVED AND COMPUTED VALUES OF 
log E (O.—C.) Scheiner 


nN ¢ Pegasi a Pegasi a Lyrae y Geminorum 
oR PR Ss eae —©.0%5 +0.039 =O. 7S —o.048 
OT gee ee a ree =O ..003 +0.026 —0.041 —0.052 
I EO Seed eke 5 aoe 2 +0.009 —0.036 —0.003 “10.027 
aCe at ia, Shcvinin cams 6 & As =. 012 S042 +0.048 +0.050 
RAI Btu en Gente ge «vist 9's +0.040 Seek sd +0.082 +0.082 
| Di ee eee ee +0.001 O05 +0.069 +0.046 
OL aS SS ae ae + 0.004 + 0.030 =0..00) -0.012 
ee att eae ee are —0.004 —0.013 —0.064 —0.021 
WEA et ee Ale one its we wc» —0.022 +0.009 0.012 —o.061 
RIM ies Ga crea 3 Oye +0.003 +0.043 —6:,027 —0o.010 
Number of observations. 4 I eae I 
Ch Ss ee ee ee 4 3 


DIFFERENCES BETWEEN OBSERVED AND 
COMPUTED VALUES OF 


log £ (O.—C.) 
MEAN 

W.+5S. 

A W. Ss ee 
oe Ee La ea —o.o18 —0.019 —0O.019 
oe yk eer Cots a +0). O41 —OnOL® iO nOLd 
GLA grees. +0o.014 +0.001 +o.008 
IAT ow hic! ninco OLS 7 OLDS 0.000 
te ae ee oO. OFF +0.052 +0.020 
nC.) eee ee eee —0.009 +0.022 +0.007 
Ee ee ==, 035 + 0.001 =O OL7 
DB. 80S Alas h —0.010 —0.028 0.010 
REEL Gl voi aim +0.003 —0.020 —0.009 
AOA Be oetcs Oh | +0.040 —0.003 +0.019 


The following summary contains the temperatures computed from 
the measures of each observer (with c= 14,600); the mean of the same, 
T (with c=14,600, and c=14,200); the effective temperatures 7” as 
formerly computed (pp. 63 ff.); the mean temperatures of the 
spectral classes T’yy (p. 65 of our paper); and, finally, the differences 
T-T’ and T-T’y 

The second series of measures appears, faaretore: to yield a value 
for the temperature of the stars of the first type about 1300° too low. 
This difference notably exceeds the accidental uncertainty: following 
from the adjustment of the errors. But we must take into account | 
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an uncertainty of o.or to 0.02 in the logarithms of the separate 
values of the energy log EL’, as computed from the internal agreement 
of the measurements; and that a difference of about 0.05 in the 
logarithms of the ratio of the energy of the positions of the spectrum 
situated at Ao.448 and A 0.638 is sufficient for explaining the differ- 
ence of temperature in question. On the basis of the new measure- 
ments, we are therefore justified in the conclusion that the probable 
value of the corrections A, previously found differ only slightly from 
the true values. Furthermore, the difference between the tempera- 
tures derived from the two sources of measurements is diminished 1 in 
proportion to the square of the temperature of the stars. 


I 
W. = T°’ | Toe 
C=14600| 14600 cC=14600 c=14600| c=14600 | C=14600 
c=14600| C=14200 

(. PCSOs yan ere 7700° | 8100° | 7900°| gro0°| 9g300°+ 800° | g500° | —1400° | —1600° 
a Pegast.........| 8900° | 8500° | 8700° | T0500° | 11500°-++ 1100° | g600° | —2800°} — goo? 
O Leonts oo eee 8700° 8700° | 10500°| g400°+ 800° | g500°| —700° | — 800° 

O DY AE. seit aleine af OZO0° | FOOO? FB 1TO0P 500° 9600° 
y Geminorum ....| 6900° | 6800° | 6900° | 8000° | 10300°+ 1000° | 8700° | — 3400° | —1800° 
ML GAT Serica oer eee — 2100° | —1300° 


In the opinion of the authors, this statement shows that the results 


of the earlier measures agree as well as could be expected, in view 
of the difficulty of such measurements, with those of the second series 
based upon the new determination of the constant of radiation of the 
lamp. ‘The observations are now to be resumed, and will be extended 
to all stars down to magnitude 4, north of the equator. 


POTSDAM 
May 1910 


STUDIES ON THE EMISSION OF GASES 


Il. ON SPECTRAL TUBES FOR USE WITH DIRECT CURRENT 
By H. KONEN anv W. JUNGJOHANN 


1. Mention has often been made of the desirability of employing 
spectral tubes adapted for direct current. The advantages of Geissler 
tubes fed by an induction coil are very great on account of their 
convenience and their serviceability in the case of very slight quantities 
of gas; they fail, however, when it is desired to make quantitative 
investigations, such as measurements of the energy in gaseous spectra, 
or to obtain the greatest possible brilliancy. In the first case, the aver- 
age intensities are comparatively small, even when electric vibrations 
having a large maximum current-strength are employed; and further, 
the complicated electrical conditions of the discharge, which vary 
from one apparatus to another in a manner very difficult to control, 
prevent in general a separation of the different constants of the gaseous 
spectra and the establishment of the conditions under which such 
spectra appear. - Furthermore, anyone who has investigated spectra 
of Geissler tubes with great resolving power, such as that of a large 
Rowland grating, will have felt the desire to increase the intensity 
of his source of light. We may even assert that the inadequate 
knowledge of many gaseous spectra, particularly beyond the limit 
of the visible spectrum, is for the most part to be attributed to the 
relative faintness of the spectral tubes. 

2. It is an obvious idea to employ the direct current instead of 
the induction coil. If this is done, we shall obtain electrical conditions 
which are accurately controllable, and the different portions of the 
circuit will differentiate themselves clearly and constantly. We 
cannot say, however, that the earlier attempts with direct current 
gave the success awaited. On account of. the very considerable 
kathode drop in many gases, particularly at higher pressures, it is 
necessary to employ high-tension batteries for supplying the direct- 
current tubes. But if these have the ordinary form determined by 
the expense, space, and maintenance, it is possible to obtain from them 
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only a few milliamperes of current. Direct-current dynamos of 
corresponding capacity are not only very expensive, but are difficult 
to handle, and can hardly come into question for use in ordinary 
laboratory practice. 

Even if the source of the current of sufficient tension and capacity 
is available, the work done at the kathode with large current is so 
great that very special precautions have to be taken in order to pro- 
tect the tubes and electrodes from melting. So far as we see, these 
are the reasons why there are but few experiments recorded in this 
direction: the notably excellent success obtained by Paschen,! with 
quartz tubes using direct current from a battery of exceptionally 
large capacity and number of elements, was published when we had 
already carried out our experiments to a large extent, so that we have 
independently from him followed a similar procedure. 

3. The properties of the Wehnelt kathode suggest the avoidance 
of the inconvenience of the high-potential battery by employing as 
kathode incandescent metallic surfaces covered with oxide. In 
fact, aside from Wehnelt himself, a number of other observers, 
as Wiedemann, Geiger, Janicki, have employed such tubes, and 
they have indeed been placed on the market by different firms, 
Some have used for source of light the gaseous discharge, while others 
have employed the arclike process of discharge at the anode, which 
occurs in consequence of the drop at the anode when the current- 
density is sufficiently increased by diminishing the size of the anode. 
This procedure is essentially similar to that recently described by 
A. Hagenbach? of an arc under diminished pressure. It is easy in 
using Wehnelt kathodes with a luminous potential to reach gaseous 
discharges having an intensity of several amperes, kathodes of suff- 
ciently large surface being employed. In spectroscopic work, the point 
desired is density of current, rather than strength of current, which 
seems to have been overlooked by different persons, and since most 
gases absorb only slightly, it ultimately depends on the density of the 
strata. From this point of view the density of current hitherto 
attained cannot be designated as even large, inasmuch as tubes of 
large cross-section have been employed generally. 


t Annalen der Physik (4), 2'7, 532-570, 1908. 
2 Physikalische Zeitschrift, 10, 649-657, 1909. 
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We have, ourselves, in part in common with Mr. J. Kyll, made a 
large number of experiments with spectral tubes having Wehnelt 
kathodes, in which we modified the shape very greatly. Thus we 
have finally reduced the diameter of the tube to less than one milli- 
meter, and have attained current-density of over 60 amperes per 
sq.cm. ‘The limit was by no means reached there, but it was prac- 
tically impossible to employ glass tubes with such current-densities 
which were equivalent to heavy arc discharges. We have employed 
different forms of tubes which were inclosed in vessels of water, but 
we found it impossible to use currents of the magnitude mentioned 
for any length of time with glass tubes. Our experience with these 
tubes, with which measurements of intensity in the emission and 
absorption spectra were simultaneously carried out, will be described 
in detail elsewhere. 

4. In spite of frequent successes, we have, however, finally aban- 
doned the tubes above described having Wehnelt kathodes. The 
necessity of employing a special current for heating the kathodes, which 
must amount to 10 amperes for a larger surface of the kathode and 
produces much heat, calls for a rather large dimension of the tubes, 
which become inconvenient with their surrounding vessels. With 
such strong currents as we used, it was difficult to prevent the metal 
kathode from burning up occasionally despite every precaution. The 
disadvantages connected with this can only imperfectly be avoided 
by a previous equipment with a reserve of several incandescent 
kathodes, but above all, the glass vessels cannot withstand the neces- 
sary current-density. ‘The tubes have to be made of considerable 
dimensions, inasmuch as the incandescent kathode, with the attach- 
ments necessary for its renewal, cannot be diminished beyond a 
certain limit. The use of quartz vessels is forbidden by the technical 
difficulties and the very large cost for institutions only moderately 
endowed. 

5. We have now found that a simple modification of the tubes 
described furnishes a form adapted for many purposes which 
stands about midway between a tube planned for a high potential and 
a Wehnelt tube. We may, in fact, entirely do away with the heating 
current of the glowing kathode. In many gases it is sufficient with 
pressures of 1o mm and upward to use the induction impulse of a 
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small induction coil, or even merely to bring up a piece of ebonite, 
glass, or shellac, that has been rubbed, to a tube provided with an 
appropriate kathode, in order to produce a discharge, if only the 
potential available amounts to about 800 volts. It is then sufficient 
to attach to the kathode a small piece of platinum foil about 0.25 
sq.cm in size, and o.or mm thickness, that has previously been 
covered with a thin sheet of oxide by 
dipping it in a solution of calcium nitrate 
+barium nitrate, and heating it in a 
Bunsen burner. ‘The thinner this coat is, 
the more successfully will the tube operate, 
and the platinum sheet may be of much 
smaller size. If we bring 
up to such a tube, for 
instance, a stick of hard 
rubber that has been rubbed, we notice that 
with increase in potential a luminous pre- 
liminary discharge occurs which follows the 
arc discharge after a slight interval, for the 
most part almost directly. The arc dis- 
charge is characterized by the fact that a 
point of the platinum foil is raised to 
incandescence by the discharge itself. The 
fall of the kathode is thus reduced to a few 
volts and the discharge of the tubes sinks 
under some circumstances down to 100 volts and less. The use of 
energy is limited in effect to the positive column and the anode drop, 
so that the anode is most strongly heated, as in the case of the arc. 
The negative glow light is lacking. 

6. After numerous preliminary experiments, we selected a tube 
of the form shown in Fig. 1. It was made by the firm of Heraeus 
from quartz glass, and can be connected with the pump by means 
of a ground attachment of glass. The length of the arms 0d is about 
22cm. ‘The spheres have a diameter of about 3 cm and the capillary 
is 60 mm long and 2 mm in internal width. It might be made nar- 
rower as well as longer. We have avoided this in order to be able 
to use the tubes also for experiments in absorption. At 0 are the 
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electrodes of nickel-steel with conical bearing, which can be made 
tight by pouring upon them a drop of mercury. ‘The electrodes were 
made of steel wire of about 2mm diameter, and they carry at their 
lower extremity a piece of steel wire several centimeters long. If 
necessary, this may be replaced by a piece of some other metal, such as 
aluminum. ‘The end used as kathode carries a slit in which a small 
piece of platinum foil may be clamped. 

7. As source of current, we used a dry battery of 420 elements, 
which in series gave a maximum current of 1.2 amperes or for a 
brief time 1.5 amperes. ‘This was purchased with a grant from 
the Hittorf fund. In the hope that it might be enlarged in the 
future, it was very carefully set up and isolated by paraffin and thick 
plates of glass. Paraffin oil was poured over the acid in the ordinary 
way and the circuit leading to the battery was mounted on paraffin 
insulators. In spite of its relatively very small cost, this battery has 
served admirably without any interruption for several years. . We 
have used it partly as a whole, and partly in parallel with 440 volts, 
in series, and partly also in groups of 140 elements arranged in series. 
We used the resistance bands made by Schniewindt of Neuenrade, 
i. W., which, in addition to their inexpensiveness, have the advantage 
of convenient mounting, slight self-induction, and high durability. 
The potential at the entrance of the tubes was measured with a 
standardized electroscope, as there was some difficulty in starting the 
tubes into action, when the measuring instruments did not take the 
current. 

8. The tubes resembled very much the Wehnelt tubes. The dis- 
charge took place of itself at pressures which varied from gas to gas, 
and even at 840 volts. Where this was not the case, as already men- 
tioned, an electrified rod of hard rubber was brought up. Its action 
was exhibited particularly at the anode. In many cases it was also 
sufficient to discharge the tubes by contact, or, better, by passing them 
through a flame. ‘This procedure also proved to be necessary when 
the tubes had been running for a long time before the discharge could 
be produced by electrostatic action. ‘The effect of the heat of a flame 
is felt in addition to that of conduction of the current; when the tube 
was heated to a faint redness by a Bunsen flame, the potential of 
discharge fell. It is natural to assume an action of ultra-violet light 
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here, since in these experiments an intense bluish-green phosphores- 
cence of the quartz vessel was observed under the influence of the 
ultra-violet radiation of the Bunsen flame (the inner cone of which is 
particularly effective). This assumption, however, is not correct, 
as may be shown by check experiments with an arc lamp, and light 
concentrated upon a spark-gap by a quartz lens. ‘The radiation from 
radium-bromide placed near by also failed to show an effect of redu- 
cing potential; but in our experiments, the radiation had first to 
penetrate o.5 mm of glass and then the quartz glass, so that this may 
possibly explain the negative result. No effect was produced on 
bringing up a magnetic field, but we are still occupied with more 
accurate experiments on this point. Finally, it was also sufficient, 
as already mentioned, for starting the discharge, to allow a shock from 
a small induction coil to pass through the tube. For this, one tube 
was connected with the more remote electrode, the other with the 
platinum wire, which was set into the portion of glass connecting 
the tube with the pump. 

g. It is not difficult with the means thus described to produce 
discharges at pressures of from 0.5 to 10mm, hence just at the 
pressures which are involved in most spectroscopic work; the limits 
of pressure vary with the gas and with the tube. If it is desired to 
pass over to higher pressures, it is recommended that the discharge 
should be first introduced at lower pressure, and then to admit gas 
during the passage of the current. If exhaustion is carried below a 
definite limit, the glow discharge will first begin, then the current- 
strength falls, and finally the automatic passage of the current is 
extinguished. Within the range of pressure mentioned, the current- 
strength can be regulated in the simplest manner, however, and it 
remains constant to a fraction of a percent. If, with tubes of the size 
described, the current-strength is appreciably less than 200 milliam- 
peres, the glow discharge readily begins, the relatively small amount 
of heat produced at the kathode being conducted away and the 
remainder not being sufficient to produce the rise in temperature 
necessary to overcome the kathode drop. Under certain circumstances, 
we may then observe a periodic change from the arc to the glow 
discharge. After the glow discharge has lasted for a time, the tem- 
perature of the whole kathode rises in consequence of the kathode 
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drop, and the temperature of the platinum foil exceeds the limit 
necessary for the arc discharge. As soon as this happens and the 
arc discharge begins, the work done at the kathode decreases and the 
glow discharge begins again; and this process repeats itself. The 
glow discharge may be avoided by sufficiently reducing the oxidized 
surface and making it of thinner foil and connecting it with the steel 
kathode by a thinner wire. With an increase of current, the diameter 
of the incandescent spot at the kathode increases, but it is not until 
currents of 0.7 amperes and upward are reached that signs are seen 
of an increased evaporation of the oxides covering the kathode. There 
is then formed directly upon the kathode an aureole of reddish- 
yellow color which shows, along with a few lines of calcium and 
barium, the oxide bands of the two metals. ‘This remark is based 
solely upon visual observation. 

In the spectra of the capillary in general nothing is noticed of the 
lines of the metals mentioned. It is advisable to avoid excess of 
oxide at the kathode, for in consequence of the evaporation of a 
portion of it there forms in the capillary a coating of oxide which 
attacks the quartz glass at incandescence and darkens it. This is 
of no significance for the ordinary use of the tube viewed lengthwise, 
inasmuch as the discoloration is limited to the capillary and does not 
occur until after weeks of use; furthermore, it may be éntirely avoided 
with proper precautions. For this reason it is desirable always to 
observe from the side of the anode. With an extended use and the 
employment of strong current, the kathode is dissipated and gradually 
forms a brown coating on the inner side of the tube consisting of iron 
and platinum; but this is readily removed with a weak nitric acid. 

to. We used currents as high as 1.5 amperes in the quartz tubes, 
but a further increase is prevented by the increasing heat of the anode, 
which glows vigorously at o.7 amperes. The capillary, too, is heated 
to a yellow glow at the current-strength mentioned. However, 
in consequence of the long arms of the tube, it is unnecessary to cool 
the electrodes. 

With currents of from 0.2 to 1.5 amperes, and corresponding 
current-densities of 6 to 30 amperes per sq. cm, the tubes are illumi- 
nated with different gases with a brilliancy similar to that of the arc. 
A strong odor of ozone is noticed in the vicinity, particularly with 
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CO in the tube, as in the case of mercury vapor lamps. An exposure 
of from one to two minutes was sufficient to obtain the whole spectrum 
in the first and second order below A 4800 on ordinary plates, with 
a nitrogen tube used with a Rowland concave grating of 180 cm 
focus and of a small ruled surface and moderate light-power. A 
concave grating of 4 meters radius gave a similar spectrum in 10 
minutes in the third order. - Similar exposure times were found for 
tubes with hydrogen, carbonic oxide, etc. ‘These numbers have, of 
course, no absolute value, as they depend upon many variable con- 
ditions; they suffice, however, to give a comparison with ordinary 
spectral tubes with which exposures of hours are necessary when an 
induction coil fed with a primary current of about 8 amperes and 
having a striking distance of 50 cm is used. 

t1. The process of filling and cleaning the tubes does not differ 
from that of ordinary tubes, and we refer here particularly to the paper 
by Paschen, adding only a few remarks. Disturbing impurities in 
the tubes have been especially noticed in the case of hydrogen, 
water-vapor, mercury, and carbon and its compounds. ‘The mercury 
lines are particularly disturbing in photometric measures. They 
come in part from the mercury vapor from the pump, but are only 
strong when the electrodes are not made very tight. On putting 
in the electrodes and pouring on the mercury the greatest care must 
be taken that no trace of the metal enters into the tube. In that case 
the mercury vapor can be removed only by frequent heating, washing, 
and complete exhaustion, and perhaps finally with the aid of liquid 
air and carbon. The hydrogen presumably comes from the electrodes, 
which give off appreciable quantities of the gas for a long time. 
The observer therefore generally obtains, in spite of careful drying, 
the spectrum of water-vapor, doubtless in consequence of the pro- 
duction of water by the oxide kathode simultaneously with the 
reduction of the oxide by the hydrogen. This production of hydrogen 
diminishes after a time, however, and with it vanishes the hydrogen 
spectrum. This explanation of the appearance of the bands of water- 
vapor is confirmed when the tubes are filled with hydrogen made 
and dried with the greatest care. We then obtained, along with the 
lines of the series spectrum, the “second” hydrogen spectrum (many- 
line spectrum) and at the same time lines of the strong bands of water- © 


ON THE EMISSION OF GASES, II 149 


- yapor at A 3064. The occurrence of the lines of hydrogen can further 
be brought about by strongly heating the tube with a flame of hydrogen 
or hydrocarbon; the hydrocarbon and hydrogen then diffuse into 
the interior of the tubes. 

The spectra of carbon and its compounds are due in part to 
impurities in the tubes themselves, but to a greater extent to the carbon 
of the steel electrodes. On filling the tube with nitrogen we therefore 
obtained first the cyanogen spectrum and then the band spectrum 
of carbon (Swan spectrum) developed to a greater or less extent, and 
further the lines of carbon itself as impurities. If nitrogen is excluded, 
then we often find, besides the spectra named, the third Deslandres 
group of the so-called carbon-oxide bands present as an impurity. 
All these impurities are disturbing at the start, but they disappear 
with the passage of the current for a long time and with frequent 
exhaustion, washing out with oxygen and with the gas used for filling 
the tubes, which thus become very pure. 

12. The precise determination of the electrical properties of the 
tubes described presents decided difficulties. ‘The measurements of 
the fall of potential at the anode and kathode, as well as of the gradient 
in the positive column, have not hitherto been made with the current- 
densities like those used by us; they are also difficult because the 
conducting wires are introduced with difficulty and melt off. If 
we extrapolate from the measurements made with the strongest 
currents hitherto employed, then we find a drop at the anode of about 
15 to 20 volts on the assumption that in the region in question the 
anode drop changes only slowly with the current-density, and that 
the changes with the pressure, etc., may be neglected. The kathode 
drop can be estimated from the measures made on the incandescent 
oxidized -kathode and it.is in any case very small. We obtained 
thus approximate values for the potential gradient, which at the same 
time make it possible to estimate the consumption of energy per unit 
of volume. The values so obtained agree for an unstratified dis- 
charge approximately with those derived from previous measurements 
on the dependence of the gradient in the positive column upon the 
width of the tube, pressure, and current strength. A conclusion as 
to these observations will follow later. They are mentioned here only © 
to indicate the possibility of an estimate of the consumption of energy 
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in the tube and the usefulness of more precise measurements of 
the anode drop. According to the strength of the current and the 
pressure, we obtain stratified or unstratified discharges. The obser- 
vations which we have made with the telephone and a rotating mirror 
indicate that these are continuous within the precision of the method. 
By introducing appropriate capacity and self-induction we obtain 
oscillating discharges. In its general character the discharge stands 
about half-way between a glow discharge and an arc, and resembles 
in different respects the arc at diminished pressure, which Hagenbach 
(loc. cit.) recently described, and into which it may be converted by 
a continuous increase of the current-strength. 

13. We have employed tubes of the sort described for different 
purposes with success; as a source in photographing the spectra of 
gases, it appears that band spectra in particular are furnished in 
great intensity. With these, using various line spectra, photometric 
measurements have been made, particularly by Jungjohann and 
by Kyll, on the relation of absorption and emission to pressure, 
current-strength, and consumption of energy; a report of these 
experiments will be made very soon, as well as upon their employment 
for experiments on the distribution of emission along the path of the 
discharge, etc. Under all of these circumstances the tubes we have 
described have proved satisfactory. It will be agreed that the sort 
of tubes thus described is suited to replace in many cases the ordinary 
vacuum tubes, when we reflect that they are useful not only for direct 
current but also as metallic vacuum lamps and may be used as 
ordinary Geissler tubes in connection with an induction coil. Finally, 
the cost of a battery of small cells which brings an existing lighting 
circuit from 440 volts up to 840 volts, or of a correspondingly small 
generator, hardly exceeds the cost of a large induction coil. 
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SERIES IN THE SPECTRA OF CALCIUM, STRONTIUM, 
AND BARIUM 


By F. A. SAUNDERS 


Two abstracts have already appeared’ of preliminary notes, 
presented to the Physical Society, on spectrum series in these 
elements. The following pages give a full account of these series, 
as far as they are known at present, together with tables of the 
arc spectra of the elements, which are more nearly complete than 
any that are already available. 

The first series to be found in these spectra were the two main 
triplet series, first and second subordinate, of which Kayser and 
Runge gave both for Ca and the first for Sr. Rydberg? found the 
second Sr series, and the writer? recently sorted out the same two 
in Ba. One other triplet series in each spectrun is now known, 
called the “‘narrow triplets,” the lines being closer together than 
the main triplets. These were found for Sr by Fowler,* and for 
Ca and Ba by the writer.’ The wave-lengths for the Ca series 
have been measured with accuracy by Barnes,° the lines having been 
obtained sharp by reducing the pressure around the source of light. 
Without this*precaution they are too diffuse to admit of accurate 
measurement. It was hoped that they could be obtained equally 
well by the same method in the case of Sy and Ba also, but the 
experiment has not yet succeeded, as far as the narrow triplet 
series are concerned. ‘The lines are relatively fainter than in Ca, 
and fade away with reduction of pressure as fuzzy lines; if present 
at all in the low-pressure (5 mm) spectra, they have been too faint 
to impress themselves upon my photographs. 

The other series in these spectra may be classified as pair and 
single-line series. These are considered in detail below. 

t Physical Review, 28, 152, 1909, and 30, 270, 1910. 

2 Wiedemann’s Annalen, 50, 625, 1893. 

3 Astrophysical Journal, 28, 223, 1908. 

4 Ibid., 21, 81, 1905. 

5 [bid., 21, 195, 1905, and 28, 228, 1908. 

6 [bid., 30, 14, 1910. 
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Some of the apparatus employed has been described before.? 
A four-inch grating, purchased through the generosity of the Rum- 
ford Fund Committee, was used for the general survey of these 
spectra. For more exact wave-length measurements beyond 
A 2400, I took a set of one-hour arc spectrum photographs with 
the four-inch concave grating (Rowland mounting, first order) at 
the Dominion Observatory, Ottawa, Canada. My best thanks 
are due to Dr. W. F. King, Director of the observatory, for per- 
mission to use this instrument, and to Mr. J. S. Plaskett, Chief 
Astronomer, for many favors in that connection. ‘These spectra 
have excellent definition and considerable intensity, reaching in 
one case down to A 1931. 

For still shorter wave-lengths a quartz spectrograph was used, 
with Schumann plates at first, but it was later found that lantern 
slide plates were slightly more sensitive to the region in question 
(A 2000), and they were accordingly substituted. The ordinary 
fast photographic plate is distinctly less sensitive than the lantern 
slide to these rays. ‘The new lines that were found were faint and 
diffuse, and the wave-length measurements beyond A 2150 may 
be considerably in error, possibly as much as a whole unit in the 
worst cases. 

A few spark photographs were taken for comparison, but most 
of these series are obtained in far greater intensity from the arc, 
even the pair series, which are relatively (not absolutely) strong 
in the spark; so that the spark photographs were not much used. 

A set of photographs was also obtained with the arcs inclosed 
in an iron box, from which the air could be largely removed by 
means of a Geryk pump. I am indebted to Mr. O. S. Blakeslee 
for working out the design of this very convenient apparatus, and 
constructing it. It is fitted with tubes. Two of these hold the 
terminals opposite one another, so that they can be turned about, or 
adjusted along their length, even when the vessel is exhausted. A 
third tube at right angles to these is sealed by a quartz plate at 
the farther end, and carries a quartz lens, which throws an image 
of the arc, outside of the apparatus, on the slit of the spectroscope. 
The terminals were usually graphite rods, saturated with chlorides 


1 Astrophysical Journal, 20, 188, 1904. 


SERIES IN SPECTRA OF Ca, Sr, Ba I6¢ 


of the elements, but, for Ca, I used the metal itself, and for Ba, 
also, on one or two occasions. 


SINGLE-LINE SERIES 


In the spark spectrum of Ca beyond A 2400 very little is to be 
found, except some members of the pair series; but, on changing 
to the arc, a remarkable difference is noted. ‘The pairs are then 
relatively faint, and an isolated and very obvious series of single 
lines comes into prominence. These are reversed and unsym- 
metrically broadened. ‘The first three lines are included in the 
list of Kayser and Runge. Since my report on this series before 
the Physical Society, Barnes’ has also measured the first four of its 
lines with the arc under reduced pressure. The lines under these 
conditions, though sharp, become so faint that I have been unable 
to obtain measurable images of more than five of them. «The wave- 
lengths of the outer lines, obtained at normal pressure only, are 
therefore not very exactly known. 

The spectrum of S7 shows a precisely similar series, the only 
important difference noted being that the pair and single-line 
series are more nearly of the same intensity in this case than in that 
of Ca. Reduction of pressure has the same effect on the Sr lines as 
on those of Ca. ‘Table I below shows these new series, under the 
designation SLr. 

The spectrum of Ba probably contains a similar series, but I 
have not been able to sort it out. The line A 2597.26 has exactly 
the right aspect, and others look promising, but the series seems to 
be widened out, probably shifted toward the red, and reduced in 
intensity compared with that in Sr. 

Barnes has shown that the light of the Ca A 4226.9 comes more 
strongly from the positive terminal of the arc, while the opposite 
is the case with the pair-series lines. I have found that Ca 4 2398.6 
shows the same peculiarity as 4 4226.9. Since the latter is also 
strongly reversed in the arc, and single, it would be natural to 
suspect that it was a member of the same series with these new 
reversed single lines. In the effort to test this, I have taken long- 
exposure photographs with the quartz spectrograph of an oxy- 

1 Ibid., 30, 18, gto. 
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hydrogen flame colored with calcium, as well as an ordinary Bun- 
sen flame fitted with an attachment for spraying a solution of 
calcium chloride into it. In neither case did I obtain an image 
of any ultra-violet lines, though A 4226 (which is a flame line) was 
strong. This may possibly be due to too short an exposure, but 
I am disposed to think that 4226 does not belong to this series, 
and that the ultra-violet lines are not flame lines. Experiments 
with the high-temperature oven spectra ought to settle this point 
easily, since 4226 then has an enormous intensity. A formula 
which would include 4226 with the others would have to be of an 
unusual type, if indeed it could be found at all. If, then, 4226 
does not belong to this series, it is probably the first member of 
a principal series of single lines, to which SZz is a subordinate, 
and of which the other lines lie in the Schumann region, and have 
not yet been found. Similar remarks would apply also to the 
strong lines Sr A 4607 and Ba A 5535. 

Other single-line series have also been sorted out. Certain 
lines in the blue and violet have the aspect of outer series mem- 
bers, and have been long under suspicion, but it was difficult to 
prove their relationship to one another. This was finally done 
by making use of the ‘“‘combination principle” of Ritz.' Accord- 
ing to this idea, if one series is found, and its formula calculated, 
other series may reasonably be expected to be found, whose for- 
mulae are similar to the first, the differences amounting to simple 
alterations in one or two constants of the formula. The very 
simplest alteration possible is to change the ‘‘end-constant”’ 
only; that is, to shift the series as a whole to some other part of 
the spectrum without altering the separations of its lines on the- 
wave-number scale. Having already plotted out these spectra on 
a wave-number scale on long rolls of paper, I had no trouble in 
searching for such repetitions of the series SLr, and one was soon 
found. The data for this series (called S£2) are given in Table I, 
together with the differences between the wave-numbers of corre- 
sponding lines in the two series. The corresponding series in Sr, 
which was readily picked out, is also given in the table. It might 
seem that these two series SLr and SL2 together. constitute one 
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series of very wide pairs. This is unlikely since the appearance 
of the lines is so different. One set is strong and reversed; the 
other, weak and not reversed. 

When the violet regions of these spectra were again examined, a 
few lines were noted that looked like series lines but were not included 
in the previous series. Most of these were seen to belong together 
to another new series, SZ3, as shown in Table I. These lines are 
more diffuse than those of SZ2, the long wave-length members 
stronger, the others weaker than those of SL2. The members of 
the two series alternate, just as two subordinate series do. It 
therefore seems probable that these form a pair of series of the 
subordinate type, running to the same end. If so, the last series, 
SL3, should be called a “first subordinate”’ series, from its relative 
strength and diffuse appearance. SL3 may have a red member, 
which I cannot distinguish with certainty. There are several 
“applicants” for the vacancy in both Ca and Sr. 46718 looks 
very promising for Ca, but the corresponding Sry line is hard to 
select. This point cannot be settled until some observations of the 
Zeeman effect, or other crucial tests, are obtained for the lines 
concerned. 

The list of lines in SZ3 is very short on account of the faintness 
of the outer members of this series. The fourth line of Ca SL3 is 
due at 3973.3, but cannot be observed on account of the close 
proximity of the far stronger line 3973.89 which belongs to the 
second subordinate triplet series. 

The wave-lengths for a few lines, given by Kayser and Runge, 
have been slightly altered. The reason for this is that these lines 
appear to shift when the pressure is reduced, the shift being meas- 
ured, of course, with reference to other spectrum lines near by, 
which are sharp under all circumstances. If, therefore, the true 
wave-length is desired, the only accurate way of obtaining it is 
to put the arc zm vacuo. This has been done, and some new 
values obtained. In no case was the line zm vacuo outside of the 
space occupied by the widened line in air; but the density maximum 
was shifted in some cases by as much as 0.5 unit. For instance, 
one of the Sr lines has an apparent wave-length at normal pressure, 
measured, by means of some of its strong and sharp neighbors, of 
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4406.8. When the pressure is reduced to 20cm, and the wave- 
length (at normal pressure) deduced from this spectrum, it comes 
out 4406.45; similarly, from a 5mm photograph, 4406.29. It 
appears to be often the case that the wave-lengths of diffuse or 
broadened lines obtained from arc in air are not accurate, even 
when measured by the projecting points obtained with an astig- 
matic grating. This’is important in connection with series, as 
most of the outer series members are of this class and should be 
located with great accuracy, if series laws are to be studied. 

In the table, the observer’s name is indicated by initials: K & R 
signifying Kayser and Runge; EH, Exner and Haschek; B, 
Barnes, and S, the writer. In case two observers are given together, 
average values have been used for the wave-lengths. The column 
W.-N.D. gives the wave-number difference between the line of 
SLr and the corresponding line of SZ2; that is, the amount by 
which the two series are separated. ‘The constancy of these num- 
bers is very satisfactory. ‘The value of m in the sixth column is 
the one used in the formula. The last two columns give the cal- 
culated wave-number and the difference between the calculated 
and observed wave-lengths. The formulae used are presented 
below: 
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The series are similar to the one in Mg which Rydberg dis- 
covered, for which he found a four-constant formula necessary. 


TABLE I 
Series aes Observer Wave-No. W.-N.D n ape by aT 
| 
Ca SLi 2398.66 | K&R 41677.4 | 21849.1 3 | 41677.6 | —o.o1 
2275.60| K&R 43031.1I | 21848.4 4 | 43931.0 | +0.01 
2200.80 | B. K&R | 45424.2 | 21849.0 5 45425.5 | —0.06 
2151.00 | B.S 46475.7 | 21846.3 6 | 46476.8 | —0.05 
2118.99 | S 47178.7 | 21846 7 47177.9 | +0.04 
2097.8 S APOCAG. ie Fh eaten 8 47653.8 | +0.01 * 
2083.2 |S AOD ah ee eats 9 | 47987.2 | +0.03 
2072.8 S AS220 Ch) it Baee Io | 48229.9 | —o0.04 
Ca SL2 5041.93 | K&R F98285 5.500 ee 3 | 19828.8 | —o.12 
4527.17 | K&R BI082 7 he Fe os 4° | 22082.2 | +0.10 
4240.58 | K&R 2 ee te BB RE eee : 235760.7 | —0.27 
4059.06 | S ZAOZO AI eae 6 * 24628.0 | +0.23 
3940.3 | S ee ep ieee eae 7 25329.I1 | +0.61 
Ca SL3 4878.34 | K&R OY or i ee a eel a 3 ‘| 20403.2 ©.00 
4455 40) Ri & BR meee gir Ree 5 4 | 22953.6 2.00 
4108.70 | S Dew ewe! 2h eee ees 5 24330.1 | +0.30 
rae a eer on salen ah caeis 6 PEO T cea ier hee 
3889.8 | S eps nm! ea trine FA 7 25699.3 | +0o.26 
Sr SL1 2931.98 | K&R 34096.9 | 20149.3 2 34096.3 | +0.05 
2569.60 | EH.S 38905.2 | 20148.6 3 | 38905.3 | +-0.01 
2428.16 | EH.S AII71.2 | 20149.1 4 | 41170.6 | -+-0.04 
2354.40 | EH.S 42460.8 | 20149.1 5 | 42460.8 0.00 
430725 1S 43323 20146 6 1:43325 —o.06 
2275-5 |S 43934 20148 7 | 43925 —O.4 
2253-5 > BAN Oe Wi as «tie 8 | 44349 —o.6 
PRR ee ae RDO LM oot, sae 9 | 44658 —I.1 
2226.0 |S BACLT eee ae TO | 44887 —I.I 
Sr SL2 IO727 6 1-S IQS TOR han Vash 2 2 13047'.3.)| -t-0,15 
5330.00 | S TOPS Th, acre eas 3 18756.3 | +0.08 
4755-59.| K&R DIOP Til eh ess, 4 21021 6°) 5-0. 15 
BAR 7a at Re) Ree i SIRTE ISIN ee oP oe e 22311.8 | —o.02 
4313545 125 26 Wy We, eae 6 | 23176 +0. 24 
4202.95 | S OL heli tie Ae Bee aie eee a | 23796 +27 
Sr SL3 5156.37 | K&R TOSEG 25ers: 3 19388 . 2 0.00 
4678.39 | K&R 2130010 Bona 4.4 21360.0 0.00 
4406.29 | S T2O0RGGO e, Tectek ee 5 22688.1 | +0.1 
WIS3r 70) 3 SREOSy. mes ae 6 23509 —I.1 


It is, therefore, not surprising to find that none of the usual three- 
constant formulae will fit any of them. For the SL3 series ‘a 
three-constant formula is used, involving m5, but only a few terms 


t Wiedemann’s Annalen, 50, 625, 1893. 
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are known, and a four-constant formula might be required for the 
entire series. 

For the series SLr and SL2 one formula suffices with change 
only of the end-constant. A four-constant formula was found 
necessary for Ca, and for Sv I have not been able to obtain an 
expression with less than five adjustable constants to satisfy the 
nine observed values within experimental error. If no attention 
were paid to the first two or three lines, it could be done with 
three constants, and this may be looked upon as an argument 
against including the lines in question; but their appearance, 
relative intensities, and changes under altered conditions (arc to 
spark, reduced pressure, etc.), as well as the constancy of the 
numbers under the W.-N.D. column, all point strongly to including 
them in the series. 

The difficulty with the formula in such a case is clearly seen 


by examining the various values that the quantity Nee 
takes for each line, a being the end-constant. This quantity equals 
the denominator (not squared) in the formula. If a is properly 
selected, the difference between each of these numbers and the 
corresponding integer 7 (to which they are generally nearly equal) 
ought to settle down to approximate constancy for the higher 
members of the series. It does so for most of the series found by 
Kayser and Runge. But in the case of Sv, SLi and SL2, these 
differences are at first rather large, then increase slightly to a 
maximum, and then drop, fast at first, more slowly later, settling 
down to their ultimate constant value. If we plot their curve, 
it has a point of inflection, which the corresponding curves for the 
simpler series have not. To represent these numbers properly, 
we must use an algebraic expression involving at least three con- 
stants, or more. It does not improve matters in this case to alter 
the “‘universal constant’? 109,675; while the separate series can be 
represented equally well in this way (though no better), it becomes 
impossible to make the two series SLrz and SZ2 end, together. 
As it seems likely a priori that they have the same end-constant, 
I have abandoned this line of attack. Nor-are we much better 
off if we examine the differences between the denominator squared 
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and n?. The same general form in the curve above mentioned is 
prominent in the case of the Mg series of single lines that Rydberg 
discovered, as well as elsewhere; so that one is tempted to look 
upon it as a general property of these series. It may still be 
possible to find a four-constant formula for all of them, and of the 
same type for all, but the search is laborious, and it is not unlikely 
that the result will be first reached (if at all) from theoretical investi- 
gations, rather than from the experimental side. 

It is apparent that one of the constants (0.9344) for Ca SL3 
is practically the same (could easily be adjusted to be the same 
exactly) as the corresponding constant for Sr SL3. This agree- 
ment may be accidental, but it appears to be another of the 
many likenesses between the spectra of these two elements. 

A further application of the combination principle is to be 
noted. The end-constants of S£r and SL2 appear to be inti- 
mately related, as the following will show. According to Rydberg’s 


‘ ; N . 
simple theory, the end-constant itself takes the form (atb)*" If 


we consider this correct, as a first approximation, and put this 
fraction equal to 49,290, the end-constant for Ca SZ1, we find that 


the end-constant for SZ2 is given by the expression 


N 
(n+b+0.5)?’ 
the error being only 200 out of 27,441. A similar result is obtained 
for Sr. That the agreement is not exact is due to the fact that 
the expression m+ is too simple, and must be enlarged by the 
addition of other terms, involving ” and other constants. If x 
is increased by the addition of o. 5 again, we might hope in like 
manner to find the end-constant of another new series. This would 
then end near 4 5700 (1/A=17,500) for Ca, and if such a series 
exists it might begin with the great line found by Paschen at 
A 10,345, but I have not succeeded in sorting it out. In Sr the 
necessary ultra-red observations are lacking for such a search. 


THE PAIR SERIES 
It has been known for some time, from observations of the 
Zeeman effect,’ that there were series of pairs in the spectra of 
Ca, Sr, and Ba. Only one pair was first found for each of these, 
t Astrophysical Journal, 16, 123, 1902. 
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but Eder and Valentat measured’ a couple of pairs in Ca which 
(though the authors do not mention it) belong to the same group- 
ing. Ritz? recognized this fact and summed up the series as far 
as known. Since the spectra of Sr and Ba are very like that 
of Ca, and consist, on the whole, of slower vibrations, it looked 
like a promising experiment to search for pairs in these series in 
the extreme ultra-violet, in the hope of finding enough of them to 
serve as a basis for the calculation of the formulae. This attempt 
has been partially successful, and the results are given in Table IJ, 
below. In the column of observers, H refers to Hermann,? and 
EV to Eder and Valenta. 

In Ca there are not enough terms for the calculation of the 
formulae, excepting in the case of the first subordinate series. 
Here, however, we have only three terms, including the one in 
the ultra-red, proposed by Paschen,+ and even a three-constant 
formula would require all the lines for the determination of its con- 
stants. Ritz’ calculated the formula for this series (without the 
ultra-red term) from two terms, along with the principal series 
pair, which his theory connects with this series, and obtained a 
value for the end-constant. This value is too low to suit the 
above three terms, since they converge too slowly in the ultra- 
violet. Other terms of this series were unsuccessfully sought for 
on my photographs. 

For Sr we can calculate two formulae as follows, using in each 
case the line of greatest wave-length in the pair. 


First subordinate series 
Sf Pit a 59282 
ares n* n= 3, 4, 5, ete. 
Second subordinate series 


Sr P2 1/A=58782— a 6.385)? 
M—T.A5337— 


( N= 2.5, 3.05, Cte 


\ 


1 Sitzungsberichte der Wiener Akademie, 1893; Beiirége zur Photochemie und 
Spectralanalyse, p. 57, 1904. 


2 Physikalische Zeitschrift, 9, 521, 1908. . 
3 Annalen der Physik, 16, 684, 1905. 4 Ibid., 29, 659, 1909. 
5 Physikalische Zeitschrift, 9, 529, 1908. 
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Series 


Ci OPICIDE aoe ee: 


Ca, first subordinate ... 


Ca, second subordinate . 


Or, PEEBCINal. ... ..: ae 


Sr, first subordinate ... 


Sr, second subordinate . 


Ba, principal. 7202... 


Ba, first subordinate... 


TABLE II 
Observer Wave-Length LAs Noah ry 
K&R 3968 . 63 Fob, 
K&R 3933-83 
H * 8662.42 
H 8542.48 29-8 
H 8498.32 
K&R 3181.40 
K&R 3179-45 zoo 
K&R 3158.98 
Aine eee 214. 5 
EV 2103.47 
K&R 3737.08 ee 
K&R 3700.18 
EV 2208.95 224.8 
EV 2198.03 
K&R 4215.66 
K&R 4077 .88 801.3 
K&R 3475.01 
K&R 3464.58 800.9 
K&R 3380.89 
S 2324.60 
EH D229 CAF 800.1 
EH 2282.14 
ae 1995.7, 
S 1965.2 778 
K&R 4305.60 
K&R 4161.95 8or .6 
EH 2471.71 
EH 2423.67 801.6 
om 2053-3 
S 2020.5 791 
K&R 4934.24 
K&R 4554.21 1690.7 
K&R 4166.24 
K&R 4130.88 1691.0 
K&R 3891.97 
K&R 2041.51 
K&R 2634.91 1691.0 
EH 2528.52 
S 2235-50 
S 2232.90 1691.2 
S 2154.02 
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TABLE IIl—Continued 


Series Observer Wave-Length bie 
Ba, first subordinate . . . | S 2588 16 1650 
: S 1987.7 
Ba, second subordinate.| K&R 4900.13 
K&R 4525.10 1699.5 
K&R 2771.51 
K&R 2647.41 1690.9 
S 2286.21 
S 2201.07 1691.3 
5 2082.8 


Some modification should apparently be made in the denomi- 
nator of these formulae in order to bring the end-constants into 
agreement, but there are not enough terms known to test the 
formula. The end-constant derived by Ritz is, as in Ca, much 
too low. 

For Ba four terms are known in each of two series, and, for 
these, three-constant formulae have been obtained, which give 
good agreement for all the lines. The line of greater wave-length 
in each group has been used for calculation, as before. 


First subordinate series 
390431 
Ba Pr 1/A=58220——> > n=2, 4, 5; ete. 
: (NFO. 3775857 ves 
Second subordinate series 


Ba P2 tee eiceass 420008 N= 3, 4, etc. 


n+o. 2873}? 

These may be considered to give a fair value for the end of the 
series, but it is over 8000 higher than the one found by Ritz. It 
seems, then, that in all three elements the pair series converge 
less rapidly than the theory of Ritz demands. Three-constant 
formulae involving the universal constant 109,675 could not be 
found to suit these Ba series. Four constants were then required. 

Runge and Paschen' note also a pair of lines in Ba, A 6497 and 
4 5853 (wave-number difference, 1690.6), which have the Zeeman 


t Astrophysical Journal, 16, 123, 1902. 
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separations that are characteristic of first subordinate lines, but 
interchanged. They suggest the possibility of these being the 
first members of a principal series of a new sort, related to the 
first subordinate series instead of, as usual, to the second. Such 
a series should have a term or two within reach, but I have not 
been able to identify any of them. 

In all three elements there occurs a strong pair in the ultra- 
violet: Ba 4 2335 and 2304; Sr 42165 and 2152; Ca 41840 and 
1837, which are reversed in Sr and Ba, and probably in Ca 
also, and the line of greater wave-length is the stronger in each. 
They therefore look like subordinate-series pairs in a series of great 
strength, the rest of which is in the Schumann region. ‘This 
possibility would, perhaps, not be worth noting, were it not for the 
fact that the Ca spectrum shows a curious “‘pair”’ of lines (appearing 
only with arc at low pressures) near A 5000, which may be related 
to these pairs. The one in the green is apparently accompanied 
by a satellite (very faint), just as first subordinate pairs always 
are, and the wave-number difference for the group is equal to that 
for the ultra-violet pair. Similar ‘“‘vacuum pairs’’ appear in Mg 
(two in this case), but I have sought for them in Sy in vain; they 
must be very faint, if present at all. The ratios of the wave- 
number differences for these ultra-violet pairs in Ca, Sr, and Ba 
are nearly the same as for the regular pair series, which are related 
to the atomic weights. This would indicate that they were not 
accidental pairs. These facts taken together make it look prob- 
able that there are series of narrow pairs, as well as the wider 
ones, most of the lines being at present inaccessible. These spectra 
also show a few pairs of the same separation as the first two lines 
of the main triplets, but-there is no obvious relation among them. 

In regard to the unclassified lines in these spectra, their number 
is still fairly large, especially in the case of Ba. It is likely that 
several more series are to be found among them. Paschen' gives 
an ultra-red member of the Ca “Principal Series of Triplets”’ 
(A 19,900), and seeks to combine this with lines at 4 9546.8 and 
7288.0 into a series. Unfortunately the line A 7288 is absent from 
my photographs, and this leaves the series rather short, having at 

t Annalen der Physik, 29, 656, 1909. 
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the most but two terms of its own, and this is the more unfortunate 
as it should be (by analogy) one of the strongest series in Ca. He 
also suggests several single combinations, after Ritz (op. cit., p. 658), 
which might lead to new series. Two of them involve lines (A 6833 
and A 3653) which certainly do not occur on my photographs. 

There are, finally, certain curious groups of lines, six to a group, 
which occur in all three spectra in the same sort of way. These 
six lines include a triplet of the same separation as the main triplets, 
a pair of the same separation as the first two lines of the triplet, 
and a single line. They are usually strong, and reversed. The 
groups occur in Ca near A 3000 and A 4300. The corresponding 
ones in Sy are near A 3350 and A 4800, and in Ba around A 4500 
and in the deep red. These look like some new sort of ‘‘complex”’ 
triplets, but there is no very obvious relation among them, or 
with other lines. They are ‘‘arc” lines, slightly stronger about 
the negative pole of a direct-current arc than the positive one, 
like the triplet series, and unlike the SZ series; they seem to be 
physically related to the main triplet series in every way. They 
furnish the most striking feature among the unclassified lines, and 
it would be very interesting to find the key to their arrangement. 
Observations in the Schumann region ought to throw light on this 
group. 

For the sake of completeness, I give, below, tables of the arc 
spectra of these elements. Itis hoped that these are fairly accurate, 
and contain all the lines known to date. The wave-lengths given 
are those furnished by the observers mentioned, who are indi- 
cated by the same abbreviations as in the tables above, with 
the addition of the following: R for Rowland’s table of the sun’s 
spectrum; P-for Paschen;* J for Janicki;? -K for Kent;*33fes 
Fowler,* and Ryd. for Rydberg.* Rowland’s wave-length system 
is used. The column under £ contains the error, estimated as 
well as the available data (sometimes lacking) permit. The inten- 


t Annalen der Physik, 26, 655, 1900. 

2 Ibid., 29, 833, 1909. 

3 Astrophysical Journal, 28, 225, 1908. 
4 Ibid., 21, 81, 1905. | 


5 Wiedemann’s Annalen, 52, 119, 1894. 
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CALCIUM ARC SPECTRUM 


Intensity 
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Intensity 
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CALCIUM ARC SPECTRUM—Continued 


Intensity Wave-Length Observer E Series 
5 2995.06 R 0.05 at 

" 2398.66 K&R o.1 SL1 
2 214 5. EV O73 

rae SA v7 5 Ou3 

th 36.0 S Oe 

I 2287.9 i) 0.3 

Bi reach 75.60 K&R O.1 SLi 
x 49.8 S O23 

I 16.7 S O.8 

2 08.95 EV ae. P23 
cai aye) 00.80 BS On SL1 
2 2198.03 EV Pz 
2700 51.00 BS 0.2 SLi 
2h 18.99 S 0.3 oLt 
2 53.0% EV Pi 
2 03.47 EV ce Py 
I vh 2097.8 S 0.3 SL1 
I vh 83.2 S 0.5 SLi 
I vh “> 1S Ss 1.0 SLi 
4 1839.8 S 1.0 vp 
3 ven! S TG vp 
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Intensity Wave-Length Observer E Series 
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STRONTIUM ARC SPECTRUM—Continued 


Intensity Wave-Length Observer E Series 

3 | 5550.66 S o.1 

6h 43.49 K&R 0.05 

7 40.28 K&R 0.05 

9 35.01 K&R 0.05 

7 22.02 K&R 0.05 

8 04.48 K&R 0.05 

7 5486.37 K&R 0.05 

8 81.15 K&R 0.03 

7 51.08 K&R 0.03 

6 5330.00 S O.1 SL2 

7 5257.12 K&R o.03 

7 38.76 K&R 0.03 

6 29.52 K&R 0.03 

6 25695 K&R 0.03 

6 22.43 K&R 0.03 

4 13.23 K&R 0.03 

2hR 5166.2 S Ort 

8 56.37 K&R 0.05 SL3 

3 4971.85 K&R 0.05 Et 

6 68.11 K&R 0.03 i 

gr 62.45 K&R 0.03 (ibe 

| 4892.87 Ryd 0.03 t 

7 92.20 K&R 0.03 t 
ss 76.49 Ryd 0.05 gh 

re 76.23 Ryd 0.05 Tr 
8r 72.66 K&R 0.05 dlrs 
6h 69.41 K&R 0.05 t 
6h 68.92 K&R 0.03 t 

cee Se 27 K&R 0.05 3 

vr 45.23 K&R 0.03 hae 

as 12.01 K&R 0.03 p 

6 4784.43 K&R 0.05 L: 
4 ReceG K&R oO. SL2 
6 42.07 K&R 0.03 T 
3h 29.93 K&R oa 

6 Cp ar K&R OOS p 

2 14.2 5 o.1 

I 07.4 S Ger 

I 04.2 S Oui 

I 4688.8 S o.1 

I 84.6 S Oot 

5h 78.39 K&R o.1 oL3 
Ior oy ss K&R 0.03 SL? 
2 4531.54 K&R 0.03 

3h 4480.73 K&R. S o.1 SL2 

5h 35532 K&R 0.03 ae 
3 Lashe K&R 0.03 

3 hR 06.29 S ict SL3 

5h 4361.87 K&R 0.03 T2 
»6hR 38.00 K&R 0.05 t 

4 26.60 K&R 0.03 fe 

5 hR 19.39 K&R 0.05 t 

2h 13.38 S oI SL2 

4hR 08.49 K&R o.I t 
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STRONTIUM ARC SPECTRUM—Continued 


Intensity Wave-Length Observer E 
4305.60 K&R cane 

thR 425329 S 0.3 

ike) 15.66 K&R 0.03 
th 02.95 S O.1 

5 4161.95 K&R 0.03 
2 40.50 S (oe 

2h 4087.67 F eee 
Tor 77.88 K&R 0.03 
2h 71.01 F re 

2h Or 21 F y eer 
thR es i ws 0.2 
C 332% K&R 0.05 
SW 22/55 K&R 0.05 
> hy 30.45 K&R 0.05 
sh 3070.15 K&R 0.05 
5 69.42 K&R | 0.05 
2h 62/75 5 0.2 
2h 50.96 FE abet 
4 hV 40.91 K&R 0.05 
th IE F ae 
Tp 26.27 F Ser ae 
oh 3867 .3 5 6.3 
4 65.59 K&R O.1 

4 07.51 K&R Oo 

3 3780.58 K&R oe | 

7 vh os .88 K&R 0.2 
5h 3653.90 K&R et 

6h 5332 K&R oO. 

sh 29.15 K&R ow 
3 28.62 K&R O.1 

2 Bar As K&R 4 o.1 
2 Sae0 5 So. 1 

3 vh 47.92 K&R 0.3 
2 vh | 04.70 K&R O13 
3h 3499.40 K&R a.2 
2h Re K&R Gee 

atk 75.01 K&R 0.05 
6 64.58 K&R 0.03 
2vh veut K&R De? 
I 56.78 K&R Ou? 

I 34.95 K&R 0.5 

th t1.62 K&R Gas 
th 00.39 K&R T.0 
th 3390.09 K&R 0.5 
5 80.89 K&R On? 
I vote © EH fa ate 
4 66.43 K&R 0.03 
Gir a ae 4 K&R 0.05 
3 20255 K&R 0.03 
3 20422 K&R 0.03 
af 07.64 K&R 0.05 
2 o1.81 K&R 0.05 
th 3200.4 K&R 0.2 
th 3199.1 K&R 0.2 
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STRONTIUM ARC SPECTRUM—Continued 


Intensity | Wave-Length Observer | E Series 
tI vh 3190.1 K&R 0.2 
1 vh 89.4 K&R 0.2 
I vh 82.4 K&R o.2 
rt vh 1253 K&R 0.2 

2931.98 K&R 0.03 SLr 
rh 2569.60 EH. S$ Giz SLi 
I 49.62 5 o.1 
2 2471.71 EH. 5 Ont Pe 
2h 28.16 EH. S o.1 SLr1 
I 23.67 EH.S oO. P2 
tr. h 2354.40 5 Suk net 
I 24.60 S o.1 Br 
2 22.47 EH. S$ Ont Pi 
th 07.5 S 0.2 SLr 
2 2282.14 EH. S$ 0.2 Ps 
th wee S Org iat 
th e205 S) 0.5 SLi 
th Vee. S 1.0 SLi 
th 26.0 S 1.0 SLI 
ar 2166.11 EH. S$ 0.2 vp? 
2 52.82 EH. S O22 vp? 
th 2063-3 S Gas PZ 
oh 20.5 S) 0.5 P2 
oh 1995.7 S 1.0 Pr 
oh 65.2 S ro Er 

BARIUM ARC SPECTRUM 
Intensity Wave-Length Observer E Series 
2 8915.19 H 0.4 
I 8861.40 H 0.3 
fe) 8799.86 Ep 0.3 At: 
I 8654. 33 H O23 
I 8560. 20 H 6.3 p 
6 8210.73 H ue 
° 8148. 32 H O.4 T? 
° 20.84 H 0.3 
fo) 7961.23 H ov2 p 
° 39.21 H O28 
4 17363 H O.3 iy, 
7 06.13 H 0.2 T2 
° 7878.13 H 0.2 
I 39.57 be ore 
5 7780.70 H oe 
2: 51.92 H o.1 
th 09.96 H oO.1 
I 06.82 H oe 
5 7672.42 H o.I 
3 43.42 H o.1 
th Ee Y H 0.1 
2 10.74 H O.1 
6 7488 . 38 H Ot 
6 60.27 H O.I 
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BARIUM ARC SPECTRUM—Continued 


Intensity Wave-Length Observer E Series 
r 5777-84 K&R 0.03 Tr 
h 21.66 K&R Gis 
hR 13.62 K&R 0.15 
hR 09. 82 K&R 0.15 
r 5680.34 K&R 0.05 
h 64.5 S 0.2 ?Ba 
h 40.8 ~ 0.2 ?Ba 
vhR 20.41 K&R 0.5 
h 5593-45 K&R oO. 

36.07 K 0.05 ty 
r 35.69 K&R 0.05 SL? 
r 19.37 K&R 0.05 (Ry 
h 5473-94 K&R o.I 
h 37.66 K&R o.1 
r 24.82 K&R 0.05 Tr 
h o5.2 S On ?Ba 

thR 5393-47 K&R O.1 

thR 81.25 K&R 0.5 

thR 79.05 K&R 1.0 

2hR 65.46 K&R 0.5 

2hR 09.20 K&R O.3 

2 05.99 K&R Gaz 
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3 5294.40 K&R o.1 

2h gI.16 K&R 0.2 
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3h 4947.50 K&R On: 
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4hR 03.11 K&R 0.05 T2 
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4 vh 4877.99 K&R Gres 

I vh 07.6 5 0.2 
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th 32.53 5 0.2 
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5 hV 28.45 K&R 0.05 
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BARIUM ARC SPECTRUM—Continued 


Intensity Wave-Length Observer E Series 
th 2046.65 > et 

2h 41.52 K&R 0.05 Ps 
6 34.91 K&R 0.05 igh 
2r.vh 2597.26 K&R.S$ 0.2 

o vh 92.40 S 0,2 

o vh 44 S 2.0 

5 28.52 . EH wee Pa 
th 00727 S o.I 

oh 2473.20 > C5 

5 2347.67 K&R 0.05 

One sera K&R 0.05 vp? 
8r 04132 K&R 0.05 vp? 
2 2286.21 S) o.1 Pa 
3 54.80 K&R Ont 

2 Any K&R o.1 

° S550 =] SHE Pr 
2 32.79 S O.1 Pi 
2 14.79 S oe 

fo) O1.07 S Ove P2 
I 2154.02 S 0.3 i 
fe) 2082.8 S) iO P2 
E 55.0 5 I.0 Pr 
° 1987.8 5 1.0 Pr 


sities are on a scale of 10 to o, subject to the usual inaccuracies. 
The abbreviations in the first column are: hk for hazy; vh, very 
hazy; HR, broadened on the long-wave side; “V, broadened on 
the short-wave side; and 7, reversed. The abbreviations under 
the column headed ‘‘Series’* are as follows: TH, (possible) prin- 
cipal series (Hauptserie) of main triplets; Tr, first subordinate 
series of main triplets; 72, second subordinate series of the same; 
, narrow triplets; 7, triplets occurring in the groups of six; PH, 
principal series of pairs; Pr, first subordinate series of pairs; P2, 
second subordinate series of pairs; p, pairs occurring in the groups 
of six; vp, the “vacuum pair” in Ca, and those which there is 
reason to believe are related to it; SZz, the ultra-violet series of 
single lines; SZ2, the related series in the visible spectrum; SLZ3, 
the single line series, alternating with SLa2. 

Bands are prominent in these spectra, especially at low pressures, 
but they are omitted from the tables. 


SYRACUSE UNIVERSITY 
August 1910 


THE BRIGHTNESS OF HALLEY’S COMET AS MEASURED 
WITH A SELENIUM PHOTOMETER 


By JOEL STEBBINS 


Anticipating that Halley’s comet would become a brilliant object 
when near the earth, I planned to measure its light with the selenium 
photometer which is in regular use at this observatory. Visual 
estimates of the total light of a comet are necessarily rough, and the 
advantage of the selenium cell lies in the fact that a comet may be 
compared with the extra-focal image of a star, and the relative light 
found from galvanometer deflections. 

I have in preparation a paper which describes in detail the methods 
and precautions necessary in observing with selenium. Let it suffice 
to state here that the apparatus used for the comet includes a selenium 
cell attached to the 12-inch refractor, the cell being placed 4 inches 
(ro cm) outside the focus of the large objective. ‘The cell has an 
effective aperture of ? inch (18 mm), but the field is limited by a 
diaphragm, which it is found admits all the light over a circle of 
about 7 minutes of an arc in diameter. This is nearly one-fourth of 
the moon’s apparent diameter, and it is probable that eye estimates of 
the comet’s brightness never included a larger area. Under the con- 
ditions of the observations, a 1o-second exposure to a 3.0 magnitude 
star gives a galvanometer deflection of approximately 3.5 mm, and 
the probable error of a single deflection is of the order of 10 per cent 
oro.35mm. For brighter stars the deflections are increased, but the 
errors remain about the same, so that the relative accuracy becomes 
much greater. 

As is well known, the color sensibility of selenium is different from. 
that of the eye, being especially great near the red end of the visible 
spectrum. In a previous number of this Journal, I have already 
published a determination of the color sensibility of the cell in question, 
Giltay No. 93; and unless the comet had a most peculiar spectrum, 
I think it probable that this selenium cell gives the visual magnitudes 
of the total light of the comet with less systematic error than is present 

127, 183, 1908. 
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in the eye comparison of a luminous surface with a point source of 
light. 

In observing, the.usual procedure was to take alternate exposures 
on the comet and comparison star, at intervals of about 1 minute, 
which is necessary to allow the cell time for recovery. In all of the 
early morning observations there was a bright sky background, and 
the exposures were made in the order: sky, star, sky, comet, sky, etc., 
until the effect from the sky became predominant. When the moon 
was bright, similar precautions were necessary, and of course in the 
reductions the extra light of the sky was allowed for. 

Although the effect of differential atmospheric absorption may be 
practically eliminated under proper conditions, it was not possible 
to do this in the comet observations. ‘The correction for absorption _ 
is based upon the Potsdam tables,’ and I allowed for the increase of 
absorption on poor nights by multiplying by an arbitrary factor, 
which was determined from the general appearance of the sky at the 
time of the observations. This is, of course, only a guess at the 
true value of the absorption, but a check is secured in the size of 
the galvanometer deflections given by the same star on different © 
nights. | 

_ In the following table are given the results of the observations, 
the headings of the different columns being self-explanatory. The 
magnitudes of the comparison stars are from Vol. 50 of the Harvard 
Annals. ‘The difference of magnitude between the comet and star 
follows from the ratio of the observed galvanometer deflections. 

The results of this paper are shown in the column of adopted 
magnitudes, the values on three nights, when the atmospheric condi- 
tions were poor, being in parentheses. Unfortunately, the only really 
clear nights between May 1 and 24 were those of May 3, 4, 17, and 18, 
the head of the comet not being visible on the latter two dates. Smoke 
from forest fires spoiled what would otherwise have been a clear sky. 
On May 20, a few readings were taken in what seemed to be perfectly 
clear spaces between passing clouds, but there was no opportunity 
to use a comparison star. On this date my direct visual estimate 
of the comet was magnitude 1.0. Not enough material is here 
available to exhibit the variation of the comet’s brightness from night 


1 Miiller, Photometrie der Gestirne, p. 515. 
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to night, but it is possible that these measures will be of use for com- 
parison with the work of other observers. As determined with the 
selenium photometer, Halley’s comet became brighter than first 
magnitude, but at no time when we could observe it did it reach 
magnitude 0.0. 

I am indebted to Mr. Percy F. Whisler for his assistance in reading 
the galvanometer throughout all of the observations. 


UNIVERSITY OF ILLINOIS OBSERVATORY 
June 15, 1910 


MINOR CONTRIBUTIONS AND NOTES 


VARIABLE RADIAL VELOCITIES OF TWO STARS IN 
THE TAURUS STREAM 


The following two stars were included among six reported as 
having variable velocities by Professor Frost' at the Baltimore 
meeting of the American Association in 1909. The measures have 
been made on plates taken with the Bruce spectrograph with one 


prism. 
B.D. 15°637 Tauri (a=4h 25m; d=+15°59’; Mag. =5.0) 


Plate Date G.M.T. ie Be Velocity Quality 
PE E822.) 3: 1908 Nov. 2 2th 57m B 7 +41 km Good 
aly [CR ae Nov. 30 20. 34 B 6 32 Good 
2S Dec. 4 tA 15 F, B 14 30 Good 
VID aes. Dec. 21 Ts 43 L 15 50 Good 
£046 etont 1800, Jani, ~z 16 52 B 13 49 Good 
eee Sept. 20 20 20 B 6 34 Weak 


B=Barrett; F=Frost; L=Lee: 


The spectrum of this star, as well as the following one, is of 
Vogel’s type Ia2, or As according to the system adopted in the 
Harvard Revision. 


go cy Tauri (a=4h 38m; 6=+12° 19’; Mag. =4.7) 


Plate Date G Mar. cee ape Velocity Quality 
Ea FESR oes... 1908 Nov. 13 18h tom B 20 +32 km Good 
i Bree Nov. 30 10 ax B 20 62 Good 
2 Decry 4 #5. > 29 B Dr 52 Good 
ay ay Pee ee DecurA4 19 38 B 24 85 Good 


Evidence for the occasional duplicity of many of the lines in 
these two stars seems almost conclusive, but consistent results for 
the two components have not as yet been obtained. The reliability 
of the measures is somewhat impaired by this apparent complexity. 


Storrs B. BARRETT 
YERKES OBSERVATORY 
June 20, 1910 


t Astrophysical Journal, 29, 233, 1909. 
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NOTICE 


The scupe of the ASTROPHYSICAL JOURNAL includes all investigations of 
radiant energy, whether conducted in the observatory or in the laboratory. 
The subjects to which special attention is given are photographic and 
visual observations of the heavenly bodies (other than those pertaining to 
‘astronomy of position’’); spectroscopic, photometric, bolometric, and radio- 
metric work of all kinds; descriptions of instruments and apparatus used in 
such investigations; and theoretical papers bearing on any of these subjects. 


Articles written in any language will be accepted for publication, but 
unless a wish to the contrary is expressed by the author, they will be trans- 
lated into English. Tables of wave-lengths will be printed with the short 
wave-lengths at the top, and maps of spectra with the red end on the right 
unless the author requests that the reverse procedure be followed. 


Accuracy in the proof is gained by having manuscripts type-written, 
provided the author carefully examines the sheets and eliminates any errors 
introduced by the stenographer. It is suggested that the author should 
retain a carbon or tissue copy of the manuscript, as it is generally necessary 
to keep the original manuscript at the editorial’ office until the article is 
printed. ; 


All drawings should be carefully made with India ink on stiff paper, 
usually each on a separate sheet, on about double the scale of the engraving 
desired. Lettering of diagrams will be done in type around the margins of 
the cut where feasible. Otherwise printed letters should be put in lightly 
with pencil, to be later impressed with type at the editorial office, or should 
be pasted on the drawing where required. 


Where an unusual number of illustrations may be required for an article, 
special arrangements are made whereby the expense is shared by the author 
or by the institution he represents. 


Authors will please carefully follow the style of this JoURNAL in regard 
to footnotes and references to journals and society publications. 


Authors are particularly requested to employ uniformly the metric units 
of length and mass; the English equivalents may be added if desired. 


If a request is sent wzth the manuscript, one hundred reprint copies of 
each paper, bound in covers, will be furnished free of charge to the author, 
Additional copies may be obtained at cost price. No reprints can be sent 
unless a request for them is received before the JOURNAL goes to press. 


The editors do not hold themselves responsible for opinions expressed 
by contributors. 


The ASTROPHYSICAL JOURNAL is published monthly except in February 
and August. The annual subscription price is $5.00; postage on foreign 
subscriptions 62 cents additional. Business communications should be ad- 
dressed to The University of Chicago Press, Chicago, Il. 


All papers for publication and correspondence relating to contributions 
should be addressed to Editors of the ASTROPHYSICAL JOURNAL, Yerkes 
Observatory, Williams Bay, Wisconsin, U.S.A. 
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THE MEASUREMENT OF THE LIGHT OF STARS WITH 
A SELENIUM PHOTOMETER, WITH AN APPLICA- 
TION TO THE VARIATIONS OF ALGOL 

By JOEL STEBBINS 


Some three years ago I became interested in the possible appli- 
cation of selenium to astronomical photometry, and with Dr. F. C. 
Brown, I began to experiment on selenium cells, with the hope of 
using them for accurate measures of the light of stars. The idea is 
an attractive one: the proposed method being to expose a selenium 
surface to the light of a star, focused by a large lens, and to note 
the change of resistance by means of a galvanometer: the brighter 
the star, the larger the galvanometer-deflection. In theory this 
is very simple, but at the outset we met some of the difficulties 
which confront everyone who tries to work with selenium. Other 
agencies than light affect the resistance, and apparently no experi- 
menter has solved, to his own satisfaction, the mysteries of this 
peculiar element. 

After some futile attempts to obtain results from starlight at 
the focus of a 12-inch refractor, we found that a selenium cell gave 
large effects when exposed directly to the moon. This led to a 
study of the variation of the moon’s light throughout a lunation,’ 
and it was also found that various selenium cells have widely different 
curves of color-sensibility.2 One reason that physicists and elec- 
tricians have not used these cells in photometry is that selenium 
is relatively most sensitive to red light, but in certain kinds of 

t Astrophysical Journal, 26, 326, 1907. 2 Ibid., 2'7, 183, 1908. 
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astronomical work, such as the study of eclipsing variable stars, 
it is quite immaterial what part of the spectrum is used. 

During several years of experimenting I have tried the selenium 
cells of different makers, whose processes are secret, also a number 
of cells made by Dr. Brown and myself. The best cells known to 
me are those by Giltay of Delft, Holland. In the form which he 
uses, two wires are wound in a double spiral about a flat insulator, 
and the spaces on one face are filled with selenium which is 
properly treated to make it sensitive. In response to my inquiry, 
Mr. Giltay has said that his method of sensitizing is indeed a secret, 
but he adds that it is often a secret even to himself, for after thirty 
years of experience in making cells he frequently has surprises, and 
_ usually of the disagreeable kind. 

In working with faint lights, we found that a small variation 
in the temperature of a cell gives a greater change of resistance 
than is produced by the light of the brightest stars. I made 
numerous attempts to maintain a constant temperature with 
thermostats, but although some improvement was noted, the 
irregularities remained almost hopelessly large. One of the funda- 
mental obstacles is the heating effect of the current which is neces- 
sarily passed through the selenium to measure the resistance. It 
is unnecessary to enumerate the various experiments which were 
made, but after a long time I learned that there are three simple 
precautions necessary to insure success, and they are given in 
what seems to be the relative order of.importance: 

1. The selenium should be kept at a uniform, low temperature, 
o° C., or lower. 

2. The current should pass continually through the selenium. 

3. Exposures to light should be short, say tro seconds, with 
longer intervals for recovery. 

Such success as I have secured has been through the observance 
of these simple precepts, and although other experimenters have 
not formulated such rules, I have been quite unable to do anything 
in measuring starlight without adhering to them. In discussing 
the reasons for these precautions, it is not possible to give numerical 
results which are applicable to different cells, but the general 
principles seem to hold wherever faint lights are to be measured. 
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First, the effect of low temperature is best illustrated by an 
example. A cell of about 1,000,000 ohms resistance at 20° C. 
increases to 3,000,000 ohms at o° C. It is found that small varia- 
tions in temperature produce relatively much less effect upon the 
higher resistance, and, in terms of galvanometer-deflections, the 
irregularities are in the ratio of about 50 to 1 in favor of the low 
temperature. Also, the light-action is about twice as great at o° as 
at 20°, and we have the rather astonishing result that it is possible 
to increase the effective sensibility of a cell 100 fold merely by 
reducing its temperature. In practice it is not difficult to surround 
a cell with an ice-pack, but moisture must be kept from the cell 
and from the insulation of the connecting wires. 

Second, the current which passes through the selenium should 
not be interrupted. If an E.M.F. of 6 volts be applied to a cell 
of 3,000,000 ohms, the resistance decreases slowly, until at the 
end of half an hour a steady condition is reached where the resistance 
is about 1o per cent less than at the start. This change is pre- 
sumably due to the heating of the current, which is enough to 
account for the decrease. In terms of galvanometer-deflections, 
this heating effect is of the order of 100 times the light-effect from 
a bright star, and therefore the cell should not be disturbed by 
breaking the circuit. 

Third, as is well known, selenium requires some time for recovery 
from light-action, and it is found that if a cell be exposed for 
ro seconds to starlight, it is best to wait about 1 minute to insure 
recovery and allow the cell to regain its original sensibility. 

Other precautions are the same as must be taken in any work 
where high resistances and a sensitive galvanometer are used. 
Good insulation is essential, and the connecting wires must be 
shielded from the effect of static charges, which are especially 
large in cold weather. 

As the character of the galvanometer used is of considerable 
importance, I shall give the constants of the one I have at present, 
which was made by the Weston Electrical Instrument Co. It is 
of the d’Arsonval type; with flat mirror 8 mm in diameter, and is 
used with a view telescope magnifying 25 times, and a millimeter 
scale placed at from 2 to 4 meters distance. The resistance is 
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512 ohms. The period of complete free swing is 5.0 seconds, and 
when connected in circuit the instrument is practically dead beat. 
The ‘‘figure of merit,”’ or current required to produce 1 mm deflec- 
tion at r meter scale-distance, is 2.4% 10~'° amperes, but because 
of the excellence of the optical system a current of 5X 107"? amperes 
can be detected with certainty. Although this sensibility is not 
the highest possible in a galvanometer, it is the best I have ever 
seen in one of the d’Arsonval type, and there is the great advan- 
tage that the instrument is practically unaffected by external 
conditions. 

In the arrangement for measuring starlight the selenium cell is 
connected as one arm of a Wheatstone bridge. Current is supplied 
by a few dry cells, which are ample for the purpose. ‘The resist- 
ances of the selenium cell, galvanometer, and battery being fixed, 
the other arms of the bridge should be chosen to give the maximum 
current through the ga vanometer for a small change in the resist- 
ance of the selenium. Convenient formulae for the best arrange- 
ment have been derived by Heaviside;! . but as megohm resistance 
boxes are somewhat expensive, I have found that with resistances 
of 10,000 ohms and less it is possible to obtain fully three-fourths 
of the computed maximum sensibility. Precaution must be taken 
that the resistances are so arranged that the galvanometer 
is not. damped excessively, in order that full deflection may be 
secured. 

Fig. 1 shows the ice chamber containing a cell, attached to 
our 12-inch telescope. In warm weather the ice is renewed every 
day, but in winter the end of the telescope is wrapped up in a 
blanket, and may not be disturbed for a month at a time. Expo- 
sures to starlight are made by opening a small shutter which is 
operated by hand, the observer listening to the beats of a chronom- 
eter. In Fig. 2 are shown the galvanometer, scale, and resistance 
boxes which are located in a room some distance from the dome, 
the two wires leading from the telescope being easily carried to 
where it is convenient to mount the galvanometer. In practice 
we always have two observers, one to point the telescope and make 
the exposures, while the other reads the galvanometer and records 


* Philosophical Magazine, 45, 114, 1873. 
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the measures. Contrary to astronomical custom, the recorder is 
the real observer in this work, and the assistant is stationed at the 
telescope. In fact, it often happens that the man at the galva- 
nometer can tell that the sky is growing less transparent, before 
the observer in the dome can ascertain the same by direct 
inspection. 

This brief outline of the method of using selenium in photome- 
try will perhaps indicate the general way in which the observa- 
tions are made, but the procedure will be better illustrated by 
giving the actual figures and results derived in an exhaustive study 
of a variable star. 


APPLICATION TO THE LIGHT-VARIATIONS OF ALGOL 


As soon as I began experimenting with selenium, I had it in mind 
as one of the problems to take up, when it became possible to 
measure starlight with accuracy, to investigate the light-curve of 
Algol, especially for a secondary minimum, which, if present, 
would give us valuable information concerning the companion. 
The history of the investigations of Algol is so well known, even 
to the general reader, that it is superfluous to mention the names 
of the astronomers who have contributed to our knowledge of this 
star. In fact, we may say that if any star in the whole sky has 
been subjected to an exhaustive study, Algol is that one. For this 
very reason, however, it seemed advisable to try the selenium 
photometer, for this star would furnish an excellent test of the 
improvement of our work over visual methods. 

It was found on trial that with good conditions a 1o-second 
exposure of our best selenium cell to Algol at maximum light 
gave a scale deflection of 8.o mm. The probable error of 
a single deflection was of the order of 0.16 mm, or about 
2 per cent, and as this was a better accordance than can be 
secured in visual work, I felt ready to adopt a program for observing 
this star during several months. In illustration of the accuracy 
which was insisted upon, it may be said that when the cell hap- 
pened to become so irregular that the probable error of one 
deflection became higher than 5 per cent, observations were not 
undertaken. ° 
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Fic. 1.—Selenium Cell in Ice-Pack Attached to 12-Inch Refractor 
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Fic. 2.—Galvanometer and Accessories for the Selenium Photometer 
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On account of the atmospheric absorption, there is of course 
no method of measuring the light of a star, which does not include 
observations of one or more comparison stars. On consideration, 
I decided to use a Persei and 6 Persei. After making this decision, 
I found that these same stars had been chosen by Miiller,t whose 
determination of the light-curve is perhaps the best that has ever 
been made visually. The normal plan with selenium was to make 
4 exposures on a Persez, then 8 on Algol, and finally 4 on a Perse. 
Such a series of 8 readings on each star will be called a set. When 
Algol was near minimum, both a and 6 were used, and a set of 
readings usually consisted of 4 on a, 4 on 6, 8 on Algol, 4 on 4, 
and 4 on a. When only two stars were observed, the 16 deflec- 
tions of a set were secured in about 20 minutes, including the time 
for moving the dome and telescope. Ordinarily it was considered 
that 4 to 6 sets of measures were sufficient for one night, but 
when the phase of Algol was near principal minimum, or the sup- 
posed secondary minimum, the observations were continued all 
night, or as long as conditions would permit. The method of 
observation and reduction is best illustrated’ by an actual sample, 
and the following represents a typical page of the notebook. 


FRIDAY, JANUARY 7, IQIO 


Observers, J. 5. and P. F. W. 

Cell, Giltay No. 93, area 18 X26 mm. 
Extra-focal star image, 7 mm diameter. 
Ratio arms, 10,000 and Io ohms. 
Resistance of cell, 5,000,000 ohms. 
Dome temperature, — 5° C. 
Galvanometer, Weston. 
Scale-distance, 2.3 meters. 

Battery, 7 Edison cells, 6 volts. 
Exposures, 10 seconds. 

Sky, fair; absorption factor, 2. 
Wind, south. 

Watch AT, +4 seconds. 


t Astronomische Nachrichten, 156, 178, 1901. 
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Time Readings Deflections 
a Persei mm 
ale tae 280.0-87.3 Fil 
LG Sef 281. 7-88 .9 re, 
OD saya 282.9-90.2 (Be 
Fe ae ope 284.4-91.6 72 
Algol ee 
SSB ABT ta ie, on 278.0-84.7 6:7 
Aa hg Marae 279.9-86.4 Aes 
AOR Bi West 281.9-88.2 6.3 
ote et nee 283 .3>80.7 6.4 
Qe Mkts face. 284.3-90.4 Oar 
ploy Te ereet ee 285. 2-01.23 On 
GO oy moa 255. 7-02. 1 6.4 
ay woe Bas 286.8-93.1 on 
6. 
a Persei * 
ae Yb at eae 282.1-90.0 7a 
Cer re Se 285 .6-93:3 ne 
oP Wane Aenean 288.3-96.0 oF 
Boer oct 290.2-97.8 7.0 
7-72 
7-25 
| Mean 7.48 
REDUCTION 
Mean time 8h 28m 
Sidereal time 242 
Star a Persei Algol 
Deflection, D 7.48 6735 
Drift —0.02 —0.02 
Corrected D 7.46 bx22 
Log. D 0.873 0.801 
Log. ratio 0.072 
Difference of magnitude 0.18 
Absorption ©.00 
Corrected difference 0.18 
? RESULTS ON JANUARY 7, IQIO 
Time aR Residual Time ee Residual 
8h 28m O25!) 00.69 i gh26m 0.16 —0..02 
8 47 Ory —90.01 IO 00 0.22 +0.04 
Q 07 0.20 +o.02 To 19 0.16 —0.02 
Means 8 47 °.18 9 55 0.18 +0.02 
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The ratio of the scale-deflections gives at once the difference 
of magnitude of the two stars, the main corrections which need 
to be applied being due to progressive drift of the galvanometer, 
and differential atmospheric absorption. At the beginning of 
each night’s work, a series of readings was taken to determine 
the rate of change of the galvanometer zero, due to small tem- 
perature-variation in the selenium cell, this being repeated about 
once an hour, and the drift was then interpolated for the times 
of the measures of the stars. Near minimum, the difference in 
the deflections between Algol and a Perset was so large that the 
drift was of much consequence, and measures of 6 Persez were 
utilized for the determination of drift. From the observations on 
a number of nights, the difference of magnitude between a and 
6 Persei was found to be 1.10 magnitudes, and this value was 
used for computing the drift. 

The correction for atmospheric absorption was based upon the 
Potsdam tables by Miiller.t A table of the correction was com- 
puted for Algol, a and 6 Persei for each half hour of sidereal time, 
and the interpolated value from this table was multiplied by the 
factor, I.0, 1.5, or 2.0, depending upon my judgment of the 
transparency of the sky. This may seem like a crude method, 
but in four-fifths of the cases the correction was either 0.00 or 
o.o1 magnitude. When Algol became relatively low in the west, 
additional observations for the absorption-factor were taken on 
8 Andromedae, but there were only 3 sets of measures where the 
correction was greater than 0.04 magnitude. 

Near the time of full moon, the bright background of the sky 
gives an appreciable deflection of the galvanometer; but where 
necessary this effect was carefully determined, and allowed for in 
the reductions. 

Table I contains the results of observations which were taken 
of Algol from September 1909, to March 1910. The heliocentric 
phase was derived from Hartwig’s ephemeris, which is based upon 
Chandler’s elements. After combining the observations near 
principal minimum, I found a correction to the ephemeris of 
—z"16™, and this has already been applied in Table I. The 

t Die Photometrie der Gestirne, Leipzig, 1897, p. 515 
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Date 


September 9,’09 


September 12 


September 15 


September 26 


September 29 


September 16,’09 


September 25 


Heliocen- 
G.M.T. tric 
Phase 


18h22m)/+ hy zm 
19 04 |+I 53 
TO 22 (-F-2. II 
19 50 |+2 45 
2022 |--3 It 
25000 5-3" 57 
21 26 |+4 15 
21 50 |+4 45 


SiGii. (442 710 


18 45 | 31 57 
19°O77) 32510" 
Ig 28 | 32 40 
10 SO°1 3308 
20 24 | 33 36 
20 42 | 33 54 


16 08 | 38 54 
16 28 | 30 14 
16 50 | 39 36 
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TABLE I 
OBSERVATIONS OF ALGOL NEAR PRINCIPAL MINIMUM 
Differ- Heliocen-| Lifter: 
ence of MT. . " ence of 
reg rege gr A A bit 
1.06 || September 29,’09} 22516™/-+-3h24™ 0.36 
0.66 || October 25 Ney BN eh Mae ie Sh ae 
0.68 TOI4 2 O44 0.73 
0.40 10 °§1 [+2 41 | 0.50 
0.43 ¥7 20 |-2 10 7.6.40 
0.23 17 59 |+3 49 | 0.30 
0.21 18 26 |+4 16 | 0.22 
0.16 || October 28 16 25 |+5 26 | 0.17 
0.66 16 44 |+5 45 | 0.18 
0.46 17 06 |+6 07 | 0.21 
0-37 17 25 |+6 26 | 0.18 
0.25 || November 14 13 36 |—2 16 | 0.63 
oO. 25 14 05 |—I 47 | 0.87 
0.16 14 35 |-—-I 17 | 1.03 
0.14 15.09 1}--9 43 1-1.26 
O;12 I5 41 |—o 11 | 1.39 
Gnr2 1614 1--O 22.| 3.34 
0.21 16 44 °|--o 52 1.19 
0.14 1 oy ee ea ct Se, Wn ae a 4 
0.24 || December 7 13 07 |—I 18 | 1.01 
0.16 I3 45 |—o 40 | I.20 
‘| 0.31 14 18 |—o 07 | 1.35 
0.40 4.51 |--o. 26 4 1.36 
0.61 I5 29 |+1 04 | 1.06 
0.76 16 15 |-+1 50 | 0.84 
1.17 || February 5,’10 | 13 48 |—5 52 | 0.17 
0.95 14 06 |—5 34 | 0.14 
T.26 14-25 oP Ore 6-20 
I.30 14 43 |—4 57 | 0.19 
Det 15 05 |—4 35 | 0.22 
I.O1 15 2% |—4 17 | 0.22 
0.95 15 39 |—4 o1 | 0.23 
0.66 Phos sul—3.47 1.0.20 
0.45 
NEAR SECONDARY MINIMUM 
0.13 || October 15,’09 | 18 37 | 39 41 | 0.12 
0.15 18 55 | 39 59 | 0.IO 
0.14 TORI S40 T911 Ol 
0.17 || November 4 T5620 34 44 On. I0 
0.18 Peedsal 25 00) C15 
0.16 16 05 | 35 28 | 0.19 
0.20 16°°305/-36 .62°/°0;18 
0.20 TO 5665) 50 2940 oO. t0 
0.15 EP TOU a0 AZT OC ko 
0.15 EP CAGAT Sr 1Oah OL 12 
0.14 ¥8 15") 47 381 0.14 
o.12 || November 24 19 58°| 37 38: 0.13 
OulF 20 .316°| 37 56 10/14 
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TABLE I—Continued 


Heljocen-| Differ- | Heliocen-| Differ: 
Date G.M.T. Seen pati | Date G.M.T. neh see 
Phase bude Phase tude 
November 24,’09} 20535™) 38h15™| 0.16 |; December 20,’09| 16542™| 39ho0™) 0.10 
20 53 | 38 33 | o184 I7 00 | 39 18 | 0.12 
21.12 |°38 52 | 0.147) January 6,710 | 15°07 | 32° 207}eoees 
December 17 TZ 0E2 | 122 0.400474 15 390 | 33 01) 188 
13°3°%|. 32 37>) 0-83 160 43 | 34 05 | 0.14 
T3550) 32. 58er ort 17, 07 |. 34-29. | @zI6 
4° Il | S32 1S oars 17 °34-| 34° 507nocre 
14 45 | 33 52 | 0.24 || February 1 12.28 |%34°07 Woyae 
15°00 | 34. 13h o. 23 12 40 | 34 45 |o522 
S20") FAs3s oves 13 05 | 35 04 | 0.20 
S75 Te) eee TOAa Oke 13°23 | 35 22;)eoeee 
gS) 10ct. 39264 Wieck4 , 13:42 | 35 40) On 
18 40 | 37 47 | 0.11 1400/35 50 "sa: 47 
19 04 | -38. 154) 0216 14 31°} 36 300, oO. Bs 
19 27 | 38 34 | 0.14 14 50 | 36 49 | 0.17 
December 20 EFISAQ?) 24°07, 1. BF 15°35 1°37) rae 
EP st es4 CeO Oe to 15°34 1-37 3301n08te 
12 34 | 34 52 | 0.21 15~53 | 37 52.) 0-25 
I2 52 | 35 10 | 0.19 || February 18 T4327) 35 34 thOane 
13°26. 1354031°6..20 E452 |°30 54. tee 
£3 47 ob OF bO- 47 15 31 | 32 33 | 0-15 
T4501 | 30020 e0o.a2 15. 55:1. 32 47 sacar 
14 32:| 36°50'| 0-18 r6°1T | 33-137) Oa0e 
14 56.| 37 14 | 0.38 || March+13 13°72... 3% 30%" Gee 
£5) 30 37 SAN oess 12/25 9) 25.52 oe 
THOR A288 Joos . 13:46) 22° 137i geees 
TOSES. | 138.837 Opes 34.15 [32 42 (O.eo 
OBSERVATIONS BETWEEN MINIMA 
: Differ- : Differ- 
Date | Gar. | tne” | see Of! ber'i|| Date | Gat. | tae | e808 Of Her of 
Phase Cade Sets Phase fad Sets 
Sept. 10,’09| 17215™| 24ho4™ 0.13 | 2 ||Nov. 29,09) 135547). 13556™) 0.17 | 3 
II 58.\52\ 1-40.41) On Fs 3 20 18) OU) “£5 (Os eons 3 
| 16.587) 20.50 4. O.25 4 Det ore 14.027) 92°37 Oo 14g 
7 17220 WRAL Onto: 4 8 TS 33 )024°48 |) OV Eg Ae 
23 702 |-00, 30 1) 6.15 4 3 T3hs5 ray 30 Horr 3 
24 76 454) el Sta 6.24 4 9 Is 00 | 46 35°) O.14 3 
27 E734 410235 0.15 454 ay 18 15 33.| 59.40 | 0.17 400g 
28 TO 57 4215441 O.75 4 18 16 40} 59 47 | 0.17 3 
Octane FO “44 CASES De Oe beane 4 19 12°12 |) 30: 30°) OES aes 
6 E97 200 2orR9 B10. 14 pee 4 IQ 13, 09 HeTia ai moons 3 
14 16 00 | 13 04 | 0.17 1 3 ||Jan.- Yor1o 14 Ayal so On Pont ona 
18 L7 32} 43:49) 0.14] 14 7 15. 5557 Py Or kesh ae 
oa BS “S253 204] GOLrs 4 8 12. 244 G08, O37 z 
21 17 200) 44057 1402-83 4 8 12°42") ¥o 16 O47 3 
20 £0 (06 20 G7 =) Onrs 4 31 TA 3090 22> 25 Org 2 
30 16 02/51 53 037: 1,0.160 1 4 Feber EF AT Bh CAN ORES eee 
Novy: 22 £7 0001-12" 29 Oss es: 12 I4°28 28°62 OMe fae 
5 16. 491° 60, 12 j0.15 |° 19 13. Si, Soh ae Ons. wee 
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difference of magnitude is uniformly in the sense: magnitude of 
Algol minus magnitude of a Persei. Near minima the result for 
each set is given, but between minima, where there could be no 
rapid change in light, I have averaged the several sets of each 
night. 

The observations of Table I were arranged according to phase, 
and each successive 3 or more sets were combined, the normal 
magnitudes containing sets as follows: 


Near principal minimum ........ 3 sets 
Near secondary minimum ....... 6 sets 
Hetween Minis’ do <.04 fereeras 9 or more sets 


It was afterward found that the duration of the eclipsing phase is 
less than to hours, and the first and last normals near principal 


TABLE II 
NoRMAL MAGNITUDES 
~ NEAR PrIncriPAL MINIMUM: NEAR SECONDARY MINIMUM 
Phase et in Phase Mel 
—5hygm 0.18 +o.o1 3rh52m 0.150 0.000 
—4 22 0.20 —0.02 32 30 O.147 —0O.014 
iS Oe 0. 28 0.00 32-00 0.182 +0o.012 
—2 41 0.55 0.00 33 49 6.172 —o.OII 
—I 39 0.88 —o.oI1 34° 24 0.195 +0.007 
—I 08 1.09 0.00 34 54 0.193 +0.005 
—o 4I .3F —0.05 e524 0.182 —0.002 
—o 08 1.35 —0.02 20°07 0.172 —0.003 
+0 25 i 37 +o0.04 36 51 0.160 —0.003 
+o 48 ars —o.06 27527 0.148 —0.004 
+1.13 1.08 +o0.02 37 59 0.142 0.000 
mete 0.97 +0.04 38 37 0.137 +0.004 
+2 03 0.69 —o.06 39 38 0.122 —o.006 
+2 34 0.64 +0.05 
2,55 0.42 —0.07 
+3 36 0.42 +o.02 BETWEEN MINIMA 
+3 50 0.30 +o.o1 
+4 14 0.23 0.00 ghsgm 0.163 —0.002 
+4 42 0:19 0.01 I2 10 0.153 —0.007 
+6 14 0.17 0.00 I4 OI 0.170 +0.012 
IQ 33 0.143 —0.002 
oF et 0.130 —0.005 
27 OL 0.138 +o.006 
42 41 0.140 +o0.008 
46 06 eee a —0.017 
BO. 20 0.147 —0O.0o1 
55 40 0.168 +o.008 
59 49 0.168 0.000 
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minimum include 6 sets of measures. In Table II are listed the 
normal magnitudes, together with the residuals formed by a com- 
parison with the final light-curve computed from the elements of 
the system of Algol which I have derived. 

Except near principal minimum, the accordance of the observa- 
tions justifies carrying the normal magnitudes to the third decimal, 
and it will be seen that the accuracy obtainable with the selenium 
photometer, for bright stars at least, is greater than has been attained 
in any visual or photographic method. 

From the residuals in Table II we have 
Probable error of a normal magnitude near principal minimum =+0.023 mag. 


Probable error of a normal magnitude near secondary or between minima 
=+ 0.006 mag. 


One peculiarity of the selenium photometer is that the errors, 
expressed in magnitudes, increase for faint stars, but in light-units 
the accordance is practically the same for any intensity. In 
visual observations, the residuals in magnitudes are about the 
same over a wide range of brightness. Where a variable star has 
a range of 1 magnitude and eye observations are expressed in light- 
units, the probable error near minimum is only ? that at maximum, 
and according to the usual method the weights should be assigned 
as 6 tor. So far as I know, no computer has taken this fact into 
account, although there have been many elaborate calculations of 
the elements of different variable stars. In this connection, I may 
say that I am quite unable to see the justification for publishing 
the elements of a system like that of Algol to 4 or even 5 signifi- 
cant figures, when the original data are often not exact to 2 places, 
and when even the first figure of some of the results may be in 
error. 

The normal magnitudes of Table II are shown graphically in 
Fig. 3. The first peculiarity of the light-curve which will attract 
those familiar with Algol is the existence of a secondary minimum. 
This has been sought for in vain by visual observers, though in 
my opinion if Algol were not so bright, the variation of 0.06 mag- 
nitude might have been detected. Of perhaps equal interest is the 
continuous variation in the light between minima, showing this star 
to be a distant relative of 8 Lyrae, though the maximum brilliancy 


Difference of 
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does not seem to occur midway between minima, the curve being 
highest just before and after secondary minimum. The fact that 


Magnitude 
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Fic. 3.—The Light-Curve of Algol 


a smooth, symmetrical light-curve fits in with the observations is 
perhaps sufficient reason for believing this continuous variation 
to be real. 


THEORY OF THE SYSTEM OF ALGOL 


On the basis of the observations which have been tabulated, 
let us now consider what conditions in the system of Algol will 
account for the variations in light. Since Vogel’s classic determi- 
nation of the radial velocities before and after light-minimum, the 
eclipse theory has been regarded as established. The presence of 
the secondary minimum now proves that the companion is not 
wholly dark, and it is evident that we have to deal with a bright 
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and a relatively faint body, which in what follows I shall desig- 
nate as Algol and the companion. 

As a first approximation let us assume that the orbit is circular, 
that both bodies are spheres, and further that they are devoid of 
extensive atmospheres which would cause a decrease of intensity 
from center to limb, such as we know does exist in the case of the 
sun. The most obvious explanation of the continuous variation 
of light between minima is that the companion keeps one face 
toward Algol, and is brighter on that side due to radiation received 
from the primary. I therefore assume that the companion rotates 
uniformly once in the period of revolution, and that it is divided 
into two hemispheres each uniformly intense. While this last 
assumption is probably far from the truth, it is sufficient for the 
accuracy of the observations. 

In the calculations which follow, I have converted stellar magni- 
tudes into relative light, changing the unit as convenient. First, 
taking the light of a Persez as unity, let 
@ =the angular phase, or true anomaly counted from minimum, 

L =the corresponding total light of the system, as seen from the earth, 
L,=the light due to Algol+ the faint hemisphere of the companion, 


2s=the excess of light emitted by the bright hemisphere over the faint hemi- 
sphere of the companion. 


It then easily follows that 
: L=L,+s(1—cos ¢). (1) 
Each normal magnitude between minima in Table II furnishes 


a value of L for the corresponding ¢, and solving the 11 equations 
by the method of least squares, I obtain for the two unknowns: 


L,=0.8507+0.0033, 
S=0.020I-0.0029, 


or in terms of stellar magnitude, referred to a Persez, we have 


L,=0.176 mag.to.004 mag. 
S=0.025 mag.+0.003 mag. 


Using these values of LZ, and s, the light-curve between minima 
was computed, and is shown in Fig. 3. If we assume no variation 
between minima, the squares of the residuals give [vv] =0.0o01691, 
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and the addition of the term in s reduces this to [vv] =0.000470, or 
to the order of one-fourth. 

It is somewhat tempting to introduce another unknown which 
will express the ellipticity of Algol due to tidal action, but the 
residuals between minima are now so small that I should consider 
the result of such a computation as illusory. For the present it 
seems justifiable to state that, within the limits of error, the 
observations are represented by the simple assumption that both 
bodies are spheres, and that the companion is uniformly bright 
over each of the two hemispheres. 

We are now ready to take up the elements of the system of 
Algol, as they may be determined from the variation throughout 
the eclipsing phase. In 1880 Professor E. C. Pickering’ first worked 
out a determination of the relative distance and dimensions of the 
components of Algol, and his theory was extended by Harting.’ 
I shall follow the method of Harting, with some changes neces- 
sitated by the-influence of the light of the companion. 

Let the radius, the surface-intensity, and the total light of 
Algol each be taken as unity, then the elements to be determined 
are: 

«= the radius of the companion, 
y= the radius of the relative orbit, 
i= the inclination of the orbit, 


A= the surface-intensity of the faint hemisphere of the companion, 
A+2,= the surface-intensity of the bright hemisphere of the companion. 


During the eclipse, we may consider the disks of the two stars 
projected on a plane perpendicular to the line of sight, and in this 
projection let 
2n= the angle at the center of Algol, subtended by the common chord, 
2§= the similar angle at the center of the companion, 
p= the distance between centers, - 
M= the area common to the projected disks, 
v= the projection of the true anomaly in the apparent orbit, 
P= the period=68.816 hours, 
t= the time in hours from minimum, 
L= the total light as seen from the earth. 


t Proceedings of the American Academy of Arts and Sciences, 16, 1, 1880. 
2 Untersuchungen tiber den Lichtwechsel des Sternes B Persei, Munich, 1889. 
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Then the following equations give the light LZ at any instant, 


when the elements are known: 
d == a 00. ue 


ctn v =coszctn ¢ 


_ Sin > 
a sing 
if 2 2° 
cos 9 defo (2) 
2p 


in € —= sin 
S$ ie Ui) 
M =«?é—p sin n+7 


M e es e . 
IE ==7 eA k?X, near principal minimum, 


me AAA) bean), 


near secondary minimum. 


In practice it is best to assume a set of elements, compute L 
for the phase of each normal magnitude, and from the residuals 
derive corrections to the elements. Confining ourselves to the 
principal eclipse, the corrections 6«, 67, and 67 are given by equations 
of the form 3 
7? SIN 24 ¢@ sin Ts. (3) 
From equations (2) and (3) the elements may be derived after 
A is known. We can now make use of the observations outside 
of the principal eclipse, and let L with different subscripts represent 
the light received from the system by an observer on the earth; 
also put M=M, at either minimum. We have then 


ESE =r bok or 
2, Yt 


L,=1+«?A, Algol+-faint side of companion, 
L,=1+«?(A+A,), Algol+bright side of companion, 


Lyu= LOR? at principal minimum, 


i bee rte Q+A)—Z242,), at secondary minimum. 
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On referring to (1) it is seen that with the proper unit 
K?A, = 25. , 


The values of Z, and L, are already known in terms of the light 
of a Persei. Ly and L», may be found graphically, but when 
approximate elements are known, M, and Ly are derived from 
the light-ephemeris. 

The solution of the foregoing equations gives 


Ay pao py 
T 
a eS 
erie Sarcriy (4) 
w(L,—Lm) 
A= —————-, . 
M, ; 
The unit of light to which the L’s must be referred is defined by 
L,=1+«2A, 


and it was found from (1) that Z, corresponds to a light which 
is 0.176 magnitude fainter than a Persez. Hence, each successive 
value of « or A requires that all computed and observed lights be 
teferred to a new unit. 

The approximation of the elements by (2), (3), and (4) is then 
as follows. Obtain preliminary values of x, r, and 7 and substitute 
« in (4), which gives A, and 4; compute by (2) the light-ephemeris 
for a number of epochs, and form the residuals, 6Z£; find the cor- 
rections 6«, 67, and 62 from three or more observation equations 
(3); substitute the corrected « in (4), changing the light-unit, 
and the new values for A, and A complete the set of elements. 
The ephemeris is now recomputed, and the process of correction 
repeated until satisfactory elements are secured. 

Some valuable suggestions for finding preliminary values for 
k, r, and 7 may be found in a paper by Schlesinger.*' In the first 
approximations it is unnecessary to use all of the observations to 
form equation (3), perhaps the easiest method being to draw a 
light-curve and select 3 points which are sufficient to give «, 7, 
andz. When sufficiently approximate elements have been derived, 


t Publications of the Allegheny Observatory, 1, 123, 1909. 
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the final solution may be made, using all of the observations, and 
. forming normal equations.in the usual way. 

In applying this method to the case in hand I first assumed 
that the light-curve is symmetrical near principal minimum, and 
I arranged the normal magnitudes in Table II in order, without 
regard to the sign of the phase. Averaging each successive pair 
of normals, I obtained the results in Table III. The phase is now 
given in decimals of an hour, and the light is referred to difference 
_of magnitude 0.244 as unity, which is the final adopted brightness 
of Algol. The residuals are derived from a comparison with the 
light-ephemeris computed from the final elements. 


TABLE III 


COMBINED NORMAL MAGNITUDES NEAR PRINCIPAL MINIMUM 


Phase ene: Light nes 

oh 28 I.360 0.358 —0.002 
0.74 1.180 0.422 +o0.021 
1.18 T.085 0.461 —0.004 
Tot 0.925 0.534 —o.008 
O30 0.665 0.679 700K 
2.80 0.485 0.801 +0.024 
ae55 0.360 0.899 —0O.014 
4.67 se 0.990 —0©, 001 
4.53 0.195 1.047 +0.004 


It is not necessary to set down here the details of the numerical 
work by which I arrived at different sets of elements. Let it 
suffice to give merely the results of the successive approximations. 
Starting with the magnitudes in Table III, and using equations 
(2), (3), and (4) as indicated, the different elements are as follows: 


TABLE AV 
ELEMENTS 
I II ek VED 

Kos ecsce © ead giens eee I.00 pes 5 T-145250705 
Pov e ne ehiee een eee os 4.54 4.85 4.97 “BOLOS 
Lima sage ag eee eee 84°0 82°6 82°3) +0°3 
bE ee eee os ey 0.049 0.038 0.038+0.007 
\ pdt es eres Die © 045 0.054 ©.050+0.010 
fool. qt hon La Ae oe © 002318 0.001810 ©.001315 
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An inspection of the numerical solution for Elements III shows 
that one more approximation will reduce [vv] by about 2 per cent, 
but I consider this refinement as unnecessary. The probable 
errors of x, r, and 7 were computed, in the usual way, from the 
weights derived from the normal equations; but for the probable 
errors of A and A,, I have assumed that the probable errors of L,, 
and Ly are respectively +0.003 and +0.005 light-units. In 
Fig. 4 the system of Algol as seen from the earth has been drawn 
from the data of Elements III. 


Fic. 4.—The System of Algol as Seen from the Earth 


As these elements are considerably different from those pre- 
viously derived for Algol, it may be of interest to note the reason 
for this result. My value for « shows that the companion is about 
one-seventh larger in diameter than Algol, while previous 
determinations have yielded a value of about 0.75. The question 
at once arises as to whether there is something in the selenium 
photometer which gives an unusually large range of magnitude 
for this star. In Table V is a comparison of this range with that 
determined at Harvard,’ and by Miiller.2 For the maximum 
with the selenium photometer I have taken an average magnitude 


between minima. 
TABLE V 


RANGE IN MAGNITUDE OF ALGOL 


Harvard Miiller Selenium Photometer 
Mag. Mag. Mag. | 
Maximum.... aur. aA o.15 fainter than a Persei 
Minimum .... aoe 2.8% 1.37 fainter than a Persei 
PEE nine Spo: ah ELn 122 


There is no evidence of a large difference in scale between my 
results and those derived from visual observation, but in any event 
1 Harvard Annals, 50, 202, 1908. 2 Op. cit., p. 193. 
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it is my opinion that the selenium photometer gives more nearly 
the absolute scale than can be obtained visually. 

Assuming for the moment that the companion gives no light, 
and that the range of variation is 1.22 magnitudes, it follows that 
0.675 of the bright disk is obscured at minimum, which gives 
o.82 as the least possible value of «. It is evident that if the 
companion is not wholly dark, or if it is not wholly projected 
against the bright star at principal minimum, then the radius, «, 
may be considerably larger than unity. 

From Elements III the adopted light-curve has been computed 
from (1) between minima, and from (2) during eclipse. The light 
L has been converted into stellar magnitudes, and as thousandths 
of a magnitude determined with the selenium photometer would 
have no meaning in either the Harvard or Potsdam systems, both 
the computed and observed magnitudes are still referred to a Persez. 


TABLE VI 


ADOPTED LIGHT-CURVE OF ALGOL 


Phase facie Phase | "Magnitude. 
+oho 37 30ho0 0.129 
+0.5 TOS EB aXs; 0.138 
+1. 0 I.15 32.0 0.152 
a 0.95 3350 0.170 
+2.0 0.77 34.0 0.186 
+2.5 0.61 34.67 0.189 
+3.0 0.47 3520 0.188 
+3.5 0.35 30.0 Onrry 
+4.0 0.2605 cee) 0.160 
+4.5 ©. 200 38.0 0.142 
+4.90 0.174 39.0 0.131 
+5.0 0.174 39.6 0.128 

755 0.170 40.0 0.128 
10.0 o.166 45.0 0.136 
15.0 0.156 50.0 0.147 
20.0 0.144 6c 20 0.158 
25E0 0.134 60.0 0.168 
29.8 0.128 


This light-curve has already been shown in Fig. 3, and it should 
be understood that the curve there drawn has been derived entirely 
by computation from the elements, except that I made a graphical 
determination of the times of minima. 
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The duration of the eclipse is easily found from the equation 
V 92 —(1-+K)? 
ry sin 2 
where ¢, represents the true anomaly at first or last contact. 
Using Elements III, I obtain 


Cos @, = 


Duration of eclipse =9'8o. 


The conclusion of Miiller that the principal minimum lasts 12 or 
13 hours has therefore not been verified, but he was not fortunate 
in securing enough observations near the critical times of begin- 
ning and ending to establish this longer time. Rédiger’ has used 
Miiller’s light-curve as a basis of deriving the elements of Algol 
with allowance for an assumed decrease in intensity of the bright 
disk from center to limb, but likewise his results are not confirmed. 
Judging from the beautiful accordance of Miiller’s observations 
near the time of greatest eclipse, it is my opinion that if he had 
been ab'e to push his observations to the limit throughout the 
entire period of the star’s variation, he wou.d have detected the 
secondary minimum. 


COMPARISON OF ALGOL WITH THE SUN 


As any direct determination of the intrinsic luminosity of a 
star requires that its distance be known, we are fortunate in having 
a pretty fair determination of the parallax of Algol. I am indebted 
to Professor Comstock for a statement of his best judgment as 
to the parallax of this star, together with an unpublished deter- 
mination by Flint at Madison. In Table VII the results by 
Chase and Pritchard have been increased by o”or on account of 
assumed parallax of the comparison stars. 

TABLE VII 
PARALLAX OF ALGOL 


Observer 7 Weight 
CHASKG aes +0705 3 
Pritchard -e: +0.07 I- 
BGS i 2 es +0.12 I 
BATE. aus +0%07 


t Untersuchungen tiber das Doppelsternsystem Algol, Kénigsberg, 1902. 
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With this value of the parallax it is now easy to compute the 
luminosity, or total light, of Algol as compared with the sun. Let 
1 be the luminosity, 7 the parallax, and M the stellar magnitude 
of the bright component of Algol; also let S be the stellar magni- 
tude of the sun. From simple considerations we have 


log /=—2 log sin r—0.4 (M—S). 
Adopting M= 2.2, and S=— 26.6, there follows: 


TABLE VIII 
Stell 
O=1 | Magnindd 
He Pe me ies oa Total light of Algol 26 202 
RENO gc, bee ee Total light of faint hemisphere of companion Ty Sag 
lx2(A-+A,) ....| Total light of bright hemisphere of companion) 3.0 4.6 


The principal source of error in the comparison with the sun 
lies of course in the parallax. If instead of T=0707 we adopt the 
results of Chase’s heliometer measures, 7™=0705, the computed 
luminosities in ‘Table VIII will be doubled, and I am inclined to 
look upon the tabulated values as too small. In any case we have 
the result that the light from one side of the companion is nearly 
twice, and from the other, three times that of the sun. If the 
bright star could be extinguished, the companion would appear 
to us as varying on its own account, the range being from 4.6 to 
5.2 magnitudes. 


DIMENSIONS OF THE SYSTEM OF AZLGOL 


As is well known, Vogel’s determination of the variable radial 
velocity of Algol led to the first approximation of the actual 
diameter in kilometers of any of the fixed stars; but unfortunately 
Vogel’s numerical results are often quoted without due emphasis on 
his necessary assumption that the two components are of the same 
density. For a comparison with my light-curve there are available 
the results by Schlesinger and Curtiss' from the observations in 
1906 and 1907. In the conventional notation, the elements which 
are applicable are as follows: 


t Publications of the Allegheny Observatory, 1, 25, 1908. 
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TABLE IX 


ALLEGHENY SPECTROSCOPIC ELEMENTS 


| Schlesinger | Curtiss Adopted 
MES aaa iss we wags, 0.031 0.060 0.05 
4 oy A +44° — 3° + 21° 


1,570,000 km 1,630,000 km 1,600,000 km 


There was a discrepancy between the time of light-minimum as 
determined photometrically and as demanded by these velocity 
determinations, amounting to 13 to 2 hours. Since my correc- 
tion to the light-ephemeris in 1909-1910 amounts to —1" 16™, a 
portion of this discordance is removed; but as I have learned from 
Director Schlesinger that the orbit of Algol is still being investi- 
gated at Allegheny, it seems best to wait for a comparison of spec- 
trographic and photometric observations taken near the same 
epoch. 

As only one spectrum was discernible on the plates, the spec- © 
troscopic elements refer to the motion of the bright component 
about the center of mass. Evidently, when ®=o° the distances 
between centers of the projected disks are equal at the two minima, 
and in view of the small value derived for , my determination 
of the relative brightness of the components has not been materially 
affected by neglecting the eccentricity. Likewise a simple calcu- 
lation shows that the assumption of a circular orbit introduces 
no appreciable error into the computed variation of the light 
during the eclipses. In my judgment, it is as yet impossible to 
determine the eccentricity of this orbit from photometric observa- 
tions, and all the numerical results which have been derived from 
the asymmetry of the light-curves by visual observers are spurious. 
Nevertheless, it may beof passing interest to compare the intervals 
between minima as determined graphically from my light-curve, 
and as computed from the Allegheny elements. ‘The total period 
being 685816, I find the following times by which the secondary 
follows the principal minimum: 

e=o 34°41 
From light-curve 34.67 
From Allegheny elements 36.46 
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It is apparent that the photometric result is not in agreement with 
the Allegheny determination of 3 years previous, but in view of 
the difficulty of finding the exact time of secondary minimum 
from a variation of only 0.06 magnitude, I attribute little signifi- 
cance to this fact. 

Before deriving plausible values of the dimensions in the system 
of Algol, on the basis of the spectroscopic orbit, let us consider the 
probability of various assumptions as to the relative masses of the 
two bodies. Although we have many theories of stellar evolution, 
to my mind the most direct evidence which bears upon this ques- 
tion is that found by Schlesinger and Baker’ in a comparative 
study of spectroscopic binaries. They have announced the rule 
thus far without exception, that where the spectra of both com- 
ponents of a close binary are visible, the brighter star is always 
the more massive. Therefore when the spectrum of the fainter 
component is not visible, the mass of the bright star is presumably 
much the greater. With this in mind, I have thought it best to 
compute the dimensions on two assumptions: first, that the two 
bodies are of equal density, and second, that Algol has twice the 
mass of the companion. 

_ The sun being taken as unity, let m and m, represent the masses, 
and d and d, the densities of the two bodies, the subscript referring 
to the companion. Changing to conventional notation, we have 
r=a-+a;. The combined mass is given by 

ee Cae as)3 
102° P? ) 
where the distances are expressed in kilometers and the period in 
days. From @ sin 7=1,600,000 km and 17=82°3 it follows that 
a=1,610,000km. To compute (a+a,) we have the two assump- 


tions , 
(To, (2), m=2ms 


atas=a(1+) a+ds= 3a 


m+m,= 


The radius of the sun being 697,000 km, I find from simple compu- 
tations the results in Table X, where each quantity is referred to 
the sun. 


t Publications of the Allegheny Observatory, 1, 135, 1910. 
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TABLE X 
(1), d=d, (2), m=2m, 

* OEE pas. te 002) Sie ae ed ee ere ak le 0.810 1.45© 
4 Oe Peele Ol CONTIAMION.: .7 ag. se hoor 0.92 1.66 
Men Sha < RIBS OFA eal erie va is a et ee 0.04 O37 
Gis Pe ok WASH ir COMPANION. .0. dsc<0. oaiie «Ser 0.06 0.18 
ee DPCM MENT OLAT £08 5s Walcot Bae Re 0.07) 0.12 
ee: c's Densityvor Companion) 54 4. os,.wate eee O-07) 0.04 
Pte eh ss wivs Surface-intensity of Algol ............... 40 12 
| eS Surface-intensity of faint hemisphere of 2:0 0.6 

companion 
o(A+2X,)... Surface-intensity of bright hemisphere of ane rr 

companion 


On the first assumption there results a great surface-intensity 
for a small mass, while in the second case, where the companion is 
supposed to be relatively rare, the masses and radiative powers 
are much nearer those of the sun. On the basis of these figures 
alone, it would seem that the second assumption is nearer the truth. 

The low density of Algol stars was shown independently by 
Roberts’ and Russell,” though the first determination of the density 
of Algol itself seems to be due to Mériau.3 From my elements, I find 


Mean density of the system............ 0.070 
Limiting density of Algol.............. °o.18 
Limiting density of companion......... O.12 


It is to be hoped that a means of detecting the spectrum of the 
companion may be found, which will at once give us the actual 
masses, diameters, and densities of the two bodies, subject only 
to the errors of observation. In this connection, it is barely 
possible that the extra sensibility of selenium at the red end of 
the spectrum’ may have been a factor in the detection of the 
secondary minimum in the light-curve, and it would be of interest 
to know the spectral type of each hemisphere of the companion. 

We now have numerical data on which to base a plausible 
explanation of the greater luminosity of the companion on the side 
toward the primary. Two reasons at once suggest themselves: 
first, that the companion reflects the light of the bright star, and 

t Astrophysical Journal, 10, 308, 1899. 2 Ibid., 10, 315, 1899. 

3Comptes Rendus, 122, 1254, 1896. 


4 The color-sensibility curve of the selenium cell, Giltay 93, which was used in 
the observations of Algol, will be found in the Astrophysical Journal, 2'7, 185, 1908. 
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second, that the radiation from Algol is so intense that it is sufficient 
to heat the near hemisphere of the companion up to incandescence. 

From the values of « and 7, and the solid angle at the center 
of Algol subtended by the companion, I find the fraction of the 
total light intercepted by the companion to be o.o15. Hence 
it is quite impossible that the relative light reflected from the 
bright side of the companion should amount to the previously 
computed value, «?A,=o.049. It seems, therefore, that the 
increase in brightness of one hemisphere must be due to the heating 
effect of the intense radiation emitted by Algol. 

Consider the sphere concentric with Algol, and of radius equal 
to that of the relative orbit. The radiation received per unit 
surface of this sphere is 1/7? =1/22.8 times the radiation emitted 
per unit surface of Algol. This fraction represents roughly the 
relative radiation received by the companion. On the hypothesis of. 
equal density, the surface-intensity of Algol is 40, and it would 
follow that the companion receives 40/22.8, or nearly twice as much 
light per unit surface as is emitted by the sun. Presumably this 
value is too high, and it refers only to a limited portion of the 
spectrum. Of course the determination of the total energy of the 
radiation received by the companion is an entirely different problem, 
but in any event these figures are suggestive. 

The increase of luminosity on one side of the companion, as 
shown by my light-curve, is a striking independent confirmation of 
the results of Nordmann.’ From measures of the relative inten- 
sity of different portions of the visible spectrum, he has derived a 
value of the effective temperature of Algol, and from this he con- 
cludes that the radiation at the distance of the companion is 
sufficient to raise a body to incandescence. ‘“‘II est donc probable 
que, par le seul effet de ce rayonnement et independamment de 
sa chaleur propre, une partie de la surface du satellite d’Algol 
tournée vers l’étoile principale, est portée a l’incandescence.”’ 
Although all determinations of stellar temperatures are as yet 
open to question, and the parallax of Algol is so small as to intro- 
duce uncertainty into the results, the main conclusion of Nordmann 
is well confirmed by my observations. 

The question of the interaction of the radiation of two com- 


t Bulletin Astronomique, 2'7, 145, 1910. 
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ponents of a close variable star has not been considered heretofore, 
because of the small accuracy obtainable in photometric meas- 
ures. It is evident that such an effect will not be discernible where 
the two bodies involved are of the same order of brightness, but 
in many Algol variables where the primary is a star of great 
intrinsic brilliancy, and the companion relatively faint, there is 
every reason to suppose that future observations will demonstrate 
that the conditions in Algol are typical of this class of stellar 
system. 
SUMMARY 


t. It has been demonstrated that for bright stars the selenium 
photometer, attached to a 12-inch telescope, yields results which 
are considerably more accurate than have ever been obtained by 
visual or photographic methods. 

2. An application of this new device to observations ‘of Algol 
has led to the discovery that the companion, far from being dark, 
gives off more light than our sun, and in addition is much brighter 
on the side which is turned toward the primary. 

3. A discussion of the photometric and other results for Algol 
gives the following principal facts concerning this system: 


FRoM THE LIGHT-CURVE 


Hien a OLE RON en Ecce OIE ws" ahs w cm aia w fb teelge alae ice I.00 

kK Pula tnseC UT ION ge Phat ate fcc codeine ae ata eck oh I.14+0.05 

r TpeeeANEe eCweely TOALEES. o660 6a Be a oe ch ew eee 4.77+0.05 

1 BoM ATA ICEL Ga get, he 'S tos Sars eee Wag see 82°3+0°3 
Sse CPsINE TPL S IE At LPO ge. ote des = wd Seas aie's we Ae 5 > 1.00 

r Surface-intensity of faint hemisphere of companion........ 0.050+0.010 

A+A,  Surface-intensity of bright hemisphere of companion....... ©.088+0.012 
RAD DCTIOCLE Gh Pa oRE Bitte ee nia faces Se) Reo Sawin: ... 685816 
TOE MONT Re” CCU ME Wien oir hotbed. ad teh atta a ae 9 b80 
Diean density Ol tbe syetent (of cnt we ea aes «oe Sie ae Bs 0.070 
Taming density. of Alpolwnc tac ook © ae deer Oka oy Wee 0.180 
Liovting density of companion:,.49 4 ae: seen tse asa 6s % 0.120 


From t=0707; SUN=—26.6 MAG., Algol=2.2 MAG. 


Stell 

O=1 Akeriensis 
l Atal eht arti gore Paccce Poe sere pepe eee ok 26 g.2 
Ik2r Total light of faint hemisphere of companion ..... Le 5.2 
Ix2(A+A,) | Total light of bright hemisphere of companion... . 3.0 4.6 
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FROM @ sin 1=1,600,000 km, Two ASSUMPTIONS 


d=d, m= 2M, 
R Radius of Algol. 2c wg ce8 ae oo ee a eee 0.81© 1.450 
Rk Radius of companion vasa. eee ee eee ee 0.92 1.66 
m Mass’ of Algol 0 Nc ent oe en ee ee 0.04 Oo. 37. 
Ms Mass of companion Jan. S.ag ue eee 0.06 0.18 
d Density.of Algol gtccan sac eae eee eee: 0.07 0.12 
ds Density of companion’: 725.0. 402 ee ee 0.07 0.04 
o ; Surface-intensity of Algol... ces ee 40 rr 
on Surface-intensity of faint hemisphere of companion. . 220 0.6 
g(A+A,)| Surface-intensity of bright hemisphere of companion. ca 5 ae 


In conclusion, I beg to acknowledge my indebtedness to Dr. 
F. C. Brown, in collaboration with whom many of the preliminary 
experiments were made; also to Dr. F. W. Reed, and Mr. Percy 
F. Whisler for efficient assistance in taking the observations of 
Algol. I also desire to thank the Rumford Committee of the 
American Academy of Arts and Sciences for successive grants of 
$200 and $350 which enabled me to carry on this work. 


UNIVERSITY OF ILLINOIS OBSERVATORY 
August I, IgIo 


NOTE ADDED AUGUST 12, 1910 


I have just received the list of parallaxes by Kapteyn and 
Weersma in Groningen Publications No. 24, which contains an 
additional determination by H. N. Russell, who finds for Algol, 
m=-+o’o1. Kapteyn rejects Pritchard’s result, and using only the 
values of Chase and Russell, he adopts 7=+0”029; also he uses 
— 26.1 as the sun’s magnitude in the derivation of luminosities. 
Recomputing the results of Table VIII on this basis, we have 


Total light of Algoleu. 75. S 0 2400 
Total light of faint hemisphere of companion..... 16 
Total light of bright hemisphere of companion... 28 


These luminosities are nearly 10 times as large as those which I 
adopted, and demonstrate that at the present time it is not possible 
to fix a reliable value for the light of Algol, except that we may 
say that the companion, even on the faint side, is much more 
luminous than the sun. 


SECONDARY STANDARDS OF WAVE-LENGTH, INTER- 
NATIONAL SYSTEM, IN THE ARC 
SPECTRUM OF IRON 


ADOPTED BY THE SOLAR UNION, tro10 


At the fourth meeting of the International Union for co-opera- 
tion in Solar Research, held at Mount Wilson August 31, 1910, it 
was unanimously agreed to establish as secondary standards of 
wave-length in the “International System” the means of the 
values obtained by three independent observers of the wave- 
lengths of certain lines in the arc spectrum of iron. These 
observers were Fabry and Buisson, working at Marseilles, Evers- 
heim at Bonn, and Pfund at Baltimore. The committee of the 
Union which made the report on this subject was authorized to 
publish these secondary standards, and the following values— 
together with the individual results of the different investigations 
—are accordingly presented. It was also voted at this meeting 


a pas Fabry and Buisson Eversheim Pfund 
4282.408 .407 .408 .408 
4315 .089 .089 .089 .089 
4375-934 -935 -934 on 9o+ 
4427 .314 .314 ee R10 
4460. 556 554 557 -558 
4494.572 -572 “571 -572 
ASsi2155 ar55 ee 2155 
4547-853 854 853 853 
4592.658 .658 .658 .657 
4602.947 944 948 948 
4647 .439 437 -441 -439 
4691.417 A hoe 419 416 
4707.288 2o% .292 . 286 
4730. 786 -785 787 -787 
4789 .057 657 -658 657 
4878.225 220 0 ON V225 
4903 - 325 -324 it Ce a -324 
4919 .007 .006 .007 .008 
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Adopted Wave- 


Dengthe Fabry and Buisson Eversheim Pfund 
5001. 881 . 880 .885 .879 
S012 .072 {O72 .O74 [OTs 
5049.827 P27 .827 .827 
5083 . 344 343 - 340 343 
SItOrALS 45 414 .416 
5167 .492 -492 -491 -492 
5192. 363 . 362 a a . 364 
5232.957 -958 958 -950 
5266. 569 . 568 . 569 . 569 
5371-495 .498 493 404 
5405.780 STOO .780 . 780 
5434. 527 - 530 524 .528 
5455.614 .616 b Oage .614 
5497-522 -521 -523 -523 
55060. 784 . 783 785 784 
5509 .633 pU22 .636 , O87 
5586.772 andthe “hls ee 
5615.661 .658 .662 .663 
5658.836 835 .838 .835 
5763 .013 O13 (O18 .O14 
6027.059 .059 Pan: .059 
6065. 492 493 -493 -491 
6137. 701 700 ig, .7o2 
6191. 568 . 569 . 568 : . 567 
6230. 734 732 - 730 735 
6265.145 P1A7 atte P43 
6318.028 .029 .028 .026 
6335-341 -343 342 337 
6393.612 pO10 1013 .612 
6430.859 .859 ye city 855 
6494 .993 -994 -994 -992 


of the Union that wave-lengths measured in this system should be 
designated in the future by using the symbol “I.A.” to indicate the 
unit used. 


H. KAYSER 
Members present of the Committee Od Ge 
on Standards of MME Ae iB S. AMES 


Mount WItson, CALIFORNIA 
September 1, 1910 


STANDARDS OF THIRD ORDER OF WAVE-LENGTHS 
ON THE INTERNATIONAL SYSTEM 


By H. KAYSER 


The following table contains measurements of the arc spectrum 
of iron photographed in the second order with an excellent Row- 
land concave grating of twenty-one feet radius. The plates were 
made within the past five years, in part by Professor Konen, and 
in part by Professor Eversheim, Dr. Bachem, and myself. The 
measurements were made by myself, with a dividing engine con- 
structed by Wolz. 

I have employed as standards the arithmetical means of the 
measurements of Fabry and Buisson, Eversheim, and Pfund. 
The portions of spectrum measured were always between three or 
four successive standards, so that each line is referred to as 
many neighboring standard lines as possible. It turned out that 
measurements of the same sharp line on different plates yielded 
differences of not more than from 0.001 to 0.002 A, when the same 
standards were employed; but if different standards were employed, 
differences as great as about 0.006 occurred. This proves that 
some of the standards still contain errors of from 0.004 to 0.005 A, 
and that the measurements of the best plates in the second order 
give a greater degree of accuracy than that of the secondary 
standards. Each line was measured from ten to twenty times, 
and from all the measurements the arithmetical mean is taken, 
the probable error also being given. 

_ This method of measurement has also yielded values for the 
standards themselves, which I regard as somewhat more accurate 
than the secondary international standards, inasmuch as they are 
adjusted. They are in general in good accord and only in a few 
cases is the difference large, in the case of A 6430 reaching the 
amount of 0.012 A. It remains to be investigated whether my 
value is more accurate than the other. 

A comparison with Rowland’s solar spectrum wave-lengths shows 
that the differences vary irregularly between 0.15 and 0.22 A. By 
substracting about 0.19 A, all measurements on Rowland’s system 
can be reduced to the international system with sufficient accuracy. 
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rN Intensity a Rowland | Difference rd ae Pfund 
Buisson 
4118.553 3 I . 708 0.155 
21.807 I ii .963 .156 
o7.055 2 I . 767 ais? 
32.064 6 I #225 at7t 
34.684 23 I .840 .156 .685 
37 .003 3 I .156 «153 
42 428 4 I 52 Post 
Az O73 7 z .038 .165 
47.674 2 iE . 836 c202 LOG 
54.506 2 I .667 7TOL 
56.806 2 I .970 .164 
70.906 2 I .068 meds 
75.642 2 I . 806 .164 
84.894 a I .058 .164 
87.050 4 I . 204 aise 
87.807 4 I .943 . 136 
or.441 a I -595 -154 -441 
91.677 I 2 843 ~ . 166 
98.307 4 2 -494 187 
99.099 4 I 20% . 168 
4202 .030 5 I .198 .168 
10.357 2 I - 494 - 137 
16.185 3 I es . 166 
19.365 3 I .516 ase 
22.200 3 " . 382 .162 
27.440 2 I . 606 . 166 
33.610 3 I yy Gk? 7202 .615 
38.824 3 I .970 .146 
47-437 %) I -591 -154 
50.129 4 I 257 S158 
50.789 5 I 945 156 
54-334 2 I JSOS GG S572 
60.484 7 | .640 =250 
67.828 2 I .985 Saf 
71.102 6 I 71325 . 162 
71.745 7R I 934 . 189 
71.838 2 2 .045 .207 
82.404 4 I 565 . 161 407 | 405.) ame 
04.124 4 I 2201 ig tea 
909.243 5 I .410 107 
A307 .072 6R 2 “007 Ga) 2135 
07.945 4R 2 .O8t Ers0 
15.089 4 I £202 193 .089 | .089 | .092 
25.763 8R 3 .939 .176 
37.053 4 I . 216 . 163 
52.740 4 I .908 .168 STATO) Gat aa 
58.500 2 I .670 .170 
69.767 3 2 O41 ya 
75-930 4 I - 107 -177 -935 | -934 
334652 1oR I 720 . 168 
90.950 2 I 2123 al 
4404.753 . 8R I 927 a7 
ES. IRs 6R I . 293 .168 
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.492 
. 280 
-999 
.438 
.592 
.787 
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row 


AT 
.482 
- 785 
.510 
.892 
ae: 
. 301 
.818 
2497 
-545 
.338 
.438 
.QII 
- 253 
. 738 
358 
. 702 
Pats 
.798 
1327 
.024 
. 306 
.693 
-899 
.693 
. 308 
.840 
=403 
1753 
.126 
. 469 
. 386 
.468 
227 
. 100 
.685 
- 193 
.617 
.672 
. 800 
.626 
2331 
-347 
.027 
-745 
.602 
-457 
.672) 
i 9F 
-179 
.582 
-779 
.963 


Difference 


O.179 
.168 
5407 
s07 
. 169 
.170 
.18I 
. 166 
-174 
.163 
-175 
EES 
.167 
.165 
PIO? 
. 166 
ee 
.162 
170 
.168 
.165 
-179 
.167 
ay 2 
. 166 
-173 
184 
PL07 
-179 
. 181 
.174 
161 
-173 
-103 
piss 
.168 
174 
181 
ee By 
STOT 
.169 
(10% 
.180 
<i 73 
.165 
oray 
.168 
. 180 
.I9I 
. 180 
144 
.187 
.176 


Fabry | Eyers- 
and heim 

Buisson 
v§IA| 313 
-554 | -557 
See eek UE 
622 

bass 
854 | .853 
2058) ).058 
-944 | .948 
-437 | -441 

.855 
287 | .292 
785 + .787 
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rN Intensity Shae Rowland. | Difference pou ae Pfund | 
Buisson 

4741.530 2 I 718 0.188 
45.802 2 2 .992 . 190 
54.049 a I S425 .176 .046.| .049 Mn 
57-576 2 I erik 195 | 
62341 I 2367 . 186 Mn 
66.422 ve 2 .621 .199 Mn 
72.816 2 2 .007 - 191 
79-439 I 2 -634 195 
83.436 ae 2 .613 ay Mn 
86.811 2 2 .003 .192 
89.651 2 I . 849 .198 .657 | °:658 
98.278 2 3 -453 175 

4800 .653 2 2 .842 .189 
02.886 I 2 .072 . 186 
078725 I 3 .QOO .165 
23538 — 7 .697 anya sR OTGh eos Mn 
32.734 2 I .9O5 Sik 
39.546 2 I 735 . 189 
43.161 2 I . 336 ~175 
45.652 I I .843 SIQ1 
55-6903 I I .859 . 166 
59-754 4 I 928 -174 | 1756 | 758 1 eee 
63.664 I I .833 . 169 
71.333 5 q -512 -179 
72.155 + Ms - 332 -177 
78.229 4 I .407 .178 226 |" 12240 ieee 
81.724 2 2 .9O4 .180 
82.166 2 2 . 336 .170 
85.445 3 I .620 is 
90.771 5 I 948 -177 
gI.510 6 I .683 Ph iE 

4903 . 323 4 I »§02 -179 -324 | -327 | .325 | 
10.031 2 I .198 .167 
19.014 3 I .174 .160 .006 | .007 | .005 
25522 7 I .685 .162 
24.777 2 I 956 -179 
30.348 I I .486 .138 
38.105 2 I .350 etss 
38.830 3 I -997 167 
46.408 2 I . 568 . 160 
50.140 I 2 . 291 SES 
57-303 4 I 480 e577 
57.609 te I 785 .176 
66.105 3 I eee) 105 2104.0) TOS 
70.506 I I .671 .165 
78.620 2 I syiee .165 
82.529 4 I .682 NESS 
85.274 2 I -432 .158 
85.569 3 I . 730 . 161 
94.139 2 I neiG ora 7 

5001. 884 3 I .O44 . 160 .880 | .885 | .883 
OS. 732 3 I . 896 .164 
06.136 4 i . 306 170 
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«252 
p23 
.414 
. 308 
.428 
-255 
.936 
.008 
.825 
-944 
-932 
. 409 
.Q21 
.518 
-954 
-175 
.619 
.823 
-574 
. 899 
tioo 
.642 
.870 
427 
.644 
wy 
.020 
.087 
-449 
.678 
-079 
.629 
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.Q41 
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oerO 
rT 
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4522 
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rae A 
(.912) 
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.738 
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.156 
BO: 
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.178 
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eE42 
ee ee. 
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.162 
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so i 
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c£0g 
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ees Ki z 541 77 
see 5 2 ive .176 
28.040 5 . Pea he 
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15.184 4u 1 “416 oe 
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eke 5 -QII 211 
edge 4 : - 740 “arg 
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Oe a : . 130 212 
aye y ¢ 671 232 
Sy : ; 834 218 
oe r " -174 210 
eee 3 r 494 222 
66.424 2 pam ie 
73.910 2 : ine pie 
ee “ 3 - 500 . 206 
76.581 3 bes ait 
87.768 2 2 -959 BIOs 
are * i 735 214 
5501. 469 4 A ie re 
06.783 A i Nee oe 
are 2 ‘ (.756) 227 
aes ‘ : 75 206 
hae . ; 644 .224 
se c I 414 230 
43-944 2 2 “157 ve 
54.878 2 z ey Pe 
paar 3 ; 824 -216 
pose 3 2 931 246 
or + i . 848 218 
(are > 3 -075 27 
76.102 3 he ors 
adie 2 -9OT v257 
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-524 
.186 
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2715 
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-055 
.984 
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.028 
.097 
.8905 
»335 
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.406 
. 881 
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.007 
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.O40 
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- 239 
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223 
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x Intensity | P so uaNe Rowland | Difference pel eae Pfund 
Buisson 
6016. 666 I . 861 0.195 Mn 
20.167 4u 7 .401 234 
21.821 Bh I .O16 .195 Mn 
24.047 5 I . 281 .234 
27.062 4 I .274 7212 .059 
42.092 2 I oak <223 
55-992 3 I -227 - 235 
65.489 5 2 -709 |. .220 | .493 | .493 
78.476 3 2 .710 ad 
89.581 2 2 .787 . 206 
QO. 229 2 .429 . 200 
96.708 sae 3 . 880 ge 
6102.182 4 e .392 .210 
03.192 3 Iu . 400 . 208 
27.927 2 I .124 .197 
36.628 5 I .829 . 201 
27 °O2 I x .210 .198 
37.903 5 I .QI5 ~3r2 . 700 
47.844 2 I .O40 . 196 
512034 2 I .834 . 201 
57.740 4+ t -945 - 205 
65.387 I 2 Pay .190 
73-350 3 I -553 - 203 
80.230 3 I -420 .190 
91.568 5 I iy aed) 2201 »§69 | 568°! 666 
6200.330 5 I we) SOF 
13.438 4 I .644 = 2200 
Tees 2 3 i . 360 .207 
19.289 4 I -404 . 205 
PAO BOLE 2 2 a7. . 186 
30.734 6 I -943 -209 | .732 | .736 | .729 
32.669 2 I . 856 .187 
40.666 2 < . 863 .197 
46.345 4 I 535 - 190 
52.507 5 I 7S . 206 
54.269 3 I .456 .187 
56.377 3 I 572 -195 
65.145 3 I . 348 . 203 .147 
70.245 ru 3 .442 .197 
80.631 2u 3 . 833 . 202 
97.804 3 I .007 . 203 
6301.528 4 I 2715 .190 
02.522 a I . 709 .187 
15-323 a I Ly .184 
25-822 2 I .028 . 206 
q 18.031 5 I . 239 . 208 .020. |; ,026 
22.198 2 I .9O7 . 209 
35-339 5 I -554 -215 -343 | -342 
36.850 5 I 048 198 
44.164 Tu 2 a7 207 
55-045 2 I 246 201 
58.693 2u 2 .898 . 205 
75.206 I 3 (.455) - 249 
EE See Ea ey RE ee ee 
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x Intensity i Siete Rowland | Difference ace Mes Pfund 
Buisson 
6376.198 I 2 (.385) .187 
80.754 2 I .958 . 204 
93.612 6 I .820 . 208 ,6r2 1.6735 .609 
6400 .036 8 3 “ee Lon 
08.045 3 2 7233 .188 
eer G75 4 7! . 865 .192 
21.354 3 I .570 . 216 
30.848 4 3 .066 aL .859 | .862 
62.734 2 : .965 east 
72.631 I I (.823) .192 
81.8096 2 2 (.098) M02 
94.904 7 Rare -219 | .994 | .994 | .990 
The observations will soon be published im extenso. I intend 


to continue the measurements as far as A 7900. 
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ON THE APPARENT PERIODICITY IN THE SPACING OF 
THE SATELLITES OF SOME OF 
THE MERCURY LINES 


By GF BULL 


During the year 1905-1906 the writer, while working in the 
Cavendish Laboratory in Cambridge, observed that the satellites 
of the mercury lines A 5461, 4359, and 4047 differed in their 
positions from one another by quantities which had a rather large 
common divisor. ‘The chief problem’ in hand at that time, however, 
was not concerned with this observation, so the records were set 
aside for later consideration. It was expected too that an instru- 
ment of greater resolving power could be obtained by means of 
which the observations could be subjected to a severer test. In 
the meantime, other observers have published their results, so 
that the hypothesis that there is a periodicity in the spacing of 
the satellites of the mercury lines may now be examined. 

Periodicity in the spacing of so-called satellites may be due to 
two causes. Faulty construction of the analyzing apparatus, 
whether interferometer, grating, single or multiple plate echelon, 
may produce “ghosts” of the main line which would probably be 
spaced in some kind of periodic order. In this case, there might 
be a variation in the intensities of the “satellites”? which would 
suggest the cause of the phenomenon. ‘To this class some of the 
satellites of the mercury lines in the early observations of Lummer 
and Gehrcke belong.? That there were a number of “‘ghosts” in 
those apparent satellites has since been shown by Gehrcke and 
v. Baeyer, using crossed echelon plates. The other possible cause 
of the periodicity in spacing of the satellites would lie in the struc- 
ture of the atom or molecule. Let us assume that the atom con- 
sists of a sphere of positive electricity with electrons arranged in 

1G. F. Hull, ‘On the Influence of Electric Fields on Spectral Lines,” Aséro- 
physical Journal, 25, 1, 1907. 

2 Annalen der Physik, 10, 457, 1903. 

3 Ibid., 20, 269, 1906. 


226 


SATELLITES OF MERCURY LINES 227 


concentric circles. Given the number, #, of the electrons at the 
center, the number on a ring required for equilibrium would lie 
between certain limits n+e. Thus we might have atoms with 
p electrons at the center and +1, m2, u+3 electrons on a ring. 
Professor Thomson finds that when mz is large, the frequency of 
the vibration arising from a tangential displacement of an electron 


takes the form 
S27? 
Zoe pet | 
g A(x ee ) 


where S has the values 1, 2, 3, etc. 
And for a radial displacement 


—B+C(x A= ) 


2 


where B has as a factor p, the number of electrons at the center. 
Giving to K or S the integral values 1, 2, 3, etc., the frequencies 
would produce a band spectrum according to Deslandres’ law. If 
we were to assume that the number of electrons in a ring varied 
slightly for different atoms, we would get variations in g which 
might account for the phenomenon of satellites. Our theory of the 
Zeeman effect is not complete enough to lead us to predict whether 
these different vibrations would be influenced by a magnetic field 
allin the same way. Consequently, we are not forced to reject this 
explanation of the origin of the satellites on account of the fact 
that they do not exhibit the same Zeeman effect. 

It must be noted that would have to be very large in order 
to account for the small variations in frequency which we find 
to exist. At best, we can only consider this theory as pointing 
to a possible cause for the existence of satellites. 

In the data below are included measurements made by various 
observers, viz.: O. v. Baeyer,’ L. Janicki,? Gehrcke and v. Baeyer? 
(the mean of three sets), Gale and Lemon.*’ The numbers +228, 
—122, etc., are the differences in thousandths of an Angstrém unit 
between the satellites and the main line. 

t Physikalische Zeitschrift, 9, 831, 1908. 

2 Annalen der Physik, 19, 36, 1906; 29, 823, 1908. 

3 Ibid., 20, 278, 1906. 

4 Astrophysical Journal, 31, 78, 1910. 
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+138 i127 e- 04% Be =I 
In v. Baeyer’s measurements for A 5790 two divisors have been 
used, 45 on one side and 60 on the other. Evidently 15 might 
have been used on both sides, but so small a divisor has no signifi- 
cance unless the remainders are small by comparison. A similar 
observation may be made concerning Janicki’s values for A 5461 
and concerning Gale and Lemon’s values for A 4358. The small 
divisor 11 has no significance. In Gale and Lemon’s values 
for A 5790, the lines at 930 and 988 probably ought to be 
discarded. ‘They are not obtained by other observers; moreover, 
they are so far away from the main line that they may be regarded 
—if they belong to the mercury spectrum—as separate lines. 
The data above given, with no pretension of completeness, 
show how divisors may be found for the distances between the 
satellites and the main line. The question arises, To what extent 
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is this a matter of chance? In other words, given six numbers, 
as in Gale and Lemon’s values for 4 5461, between +250 and 
— 250, what is the probability that an integer can be found which 
when added to all the numbers will allow the numbers so obtained 
to be divided by an integer of the order of 50 so that the remainders 
will be less than 10 per cent of the divisor? The rather tedious 
arithmetical solution shows that the upper limit to the resulting 

probability is so small that we must regard whatever periodicity 
"appears in the data in the table as having an existence apart from 
the laws of chance. 

It appears, then, that for some of the mercury lines the satellites 
measured by some observers show periodicity not to be accounted 
for as accidental. Thus Gale and Lemon’s values for 45790 
(leaving out the two satellites already discussed), Janicki’s values 
for A 5769, Gale and Lemon’s values for 4 5461, and Gehrcke and 
v. Baeyer’s values for A 4047 show periodicity. V. Baeyer’s values 
for A 5790, Janicki’s for A 5461, and Gale and Lemon’s for A 4358 
show a periodicity for satellites on one side of the main line and 
another periodicity for satellites on the other side. 

The interpretation to be given to the quantity which has been 
_added or subtracted from the measurements is that the main line, 
through unsymmetrical broadening or for some other reason, has 
been shifted one way or the other by the amount added or sub- 
tracted. In the case or 4 4358, however, this amount shifts the 
zero point of reference to the satellite +40. 

An inspection of the results obtained by various observers 
shows that the structure of the mercury lines must depend on 
conditions of the source not fully known. Not only does the 
number of the satellites vary, but the positions of those evidently 
the same differ by quantities larger than the experimental errors. 
It is evident that if any complete law is to be found for the struc- 
ture of the lines of an element, not only must we examine the lines 
of various elements, but we must also be able to control the physi- 
cal condition determining the radiation. 


DARTMOUTH COLLEGE 
HANOVER, N.H. 
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PROBABLE ERRORS OF RADIAL VELOCITY 
DETERMINATIONS 


By Ji’ S. PLASKETTI. 


The magnitude of the probable errors attending the spectro- 
graphic determination of stellar radial velocities has always been 
with me a question of much interest, and considerable work’ along 
the line of the dependence of probable error upon the width of the 
slit employed has already been accomplished. It is proposed in 
this paper to give a general discussion of the probable errors of 
radial velocities as affected by changes in the dispersion of the 
instrument, and in the type of stellar spectrum observed. 

It may not be amiss to point out that in measuring stellar spectra, 
as in practically all scientific measurements, we have two classes 
of errors to deal with or guard against: first, the accidental errors 
of setting upon the lines of the spectra due partly to imperfect 
definition, and partly to the unavoidable differences in successive 
settings which are always present even with the most careful observ- 
ers; second, the systematic errors, due in this case generally to 
instrumental conditions which give rise to spurious relative dis- 
placements of stellar and comparison lines. Among such conditions 
may be cited flexure or changes of temperature of the spectro- 
graph, non-uniform illumination of the collimator, prisms, and cam- 
era by the light from star or spark, faulty focal adjustments of 
collimator or camera objectives, and soon. The former can readily 
be evaluated from the measures of the plates themselves, but no 
evidence of the latter appears in such measurements, and its magni- 
tude can only be determined from the comparison of a number of 
plates of the same star. In the latter case, however, the errors so 
obtained will not be entirely systematic but will be affected by the 
accidental errors present in the measured velocities. In the dis- 
cussion to follow, relative measures of the accidental errors are given 
by the probable errors of single lines or regions on a plate, while 


Astrophysical Journal, 28, 259, 1908; and Trans. Roy. Soc. Can., 3, 209, 1900. 
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for the systematic effect the probable error of a single plate, obtained 
by the discussion of several plates of the same star, is probably the 
best that can be done, although, as stated above, such result has 
also included in it the effect of the accidental errors. 

In considering the effect of change of dispersion one would natu- 
rally expect to find the actual linear errors of the same magnitude 
for all dispersions and, as errors are always expressed in velocity 
values, the probable errors in kilometers per second would hence 
be inversely proportional to the linear dispersion. That is to say, 
as we have at the Dominion Observatory three different dispersions 
10.1, 20.2, and 33.4 tenth-meters per millimeter at H7, practically 
aS 3, Iz, and 1, we should expect to find the probable errors in 
kilometers per second inversely proportional to these latter numbers, 
or as I, 2, and 3. 

Most of the radial velocities at the Dominion Observatory have 
been obtained from spectra made with the lowest dispersion, a 
single-prism spectrograph, on spectroscopic binary stars of early 
type, in which the spectral lines have generally been broad and 
diffuse. The probable errors of the velocity determinations of 
single plates have been consequently high, so high as to lead to the 
belief that the relation above expressed was not the true one but 
that the probable errors increased more rapidly than the dispersion 
diminished. 

It seemed therefore worth while to make a definite test of the 
matter especially as, although considerable data as to the probable 
errors of high-dispersion star spectrographs are available, there is 
so far as I know not much published information in regard to the 
probable errors of one-prism instruments. In order to avoid, so 
far as possible, any effect due to diffuseness of the spectral lines, it 
was decided to use spectra of the solar type for the comparison. 
Further, to eliminate difficulties of identification of wave-lengths 
in the blends of lines always present in low-dispersion second-type 
spectra, it was essential to measure the plates by the spectro-com- 
parator, an instrument in which the actual displacement of the 
star lines due to velocity is compared with those in a standard 
plate of the sun whose velocity is known. By this method no 
knowledge of wave-length is necessary and errors due to the loss 
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of purity inherent with small dispersion cannot affect the measure- 
ments. 

The brightest solar-type star, Arcturus, was selected as a test 
object for the obvious reason that only short exposures would be 
required. To produce spectra of good quality for measurement 
on Arcturus exposures are necessary of about ten minutes with 
the three-prism long-focus spectrograph designated as III L, 10.1 
Angstréms per mm, four to five minutes with the three-prism 
short-focus designated as III R, 20.2 A per mm, and one and a 
half minutes with the single-prism spectrograph designated as I, 
bey A per mm. at Hy, and consequently the plates required may 
be quickly made. Fortunately when this investigation was begun 
we had already obtained nearly thirty plates with III L for another 
purpose and only plates with III R and I were required. Eleven 
were made with III R and about fifty with I. 

Of these plates 24 of III L, 11 of III R, and 38 of I were measured 
by myself on the spectro-comparator and from these measures the 
results to be discussed were derived. In order to explain clearly 
how the probable errors were obtained it is necessary to describe 
briefly the comparator and the method of measurement. In the * 
first place a standard spectrum of the sun is obtained by the same 
spectrograph, and this plate has impressed upon it one on each 
side of the solar spectrum a strip of the same comparison as in the 
star spectrum. This standard sun spectrum and the star spectrum 
are viewed by a special double objective, single ocular microscope, 
with a Lummer Brodhun cube in the ocular, which serves to super- 
pose the two spectra so that a narrow strip of star spectrum is seen 
between and touching two strips of sun spectrum, while on each 
side a narrow strip of the star comparison lies between and touching 
strips of sun comparison. The standard sun spectrum is moved 
by a micrometer screw until the corresponding lines of the star and 
sun spectra are in exact coincidence and then again moved until 
the comparison lines of the two spectra are coincident. The differ- 
ence in the micrometer readings evidently gives us the displace- 
ment, due to radial velocity, of the star lines with respect to the 
sun lines, which on multiplication by a constant gives, after adding 
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with the proper sign the known velocity of the sun, the velocity of 
the star with reference to the observer. 

The measures were made as usual on the spectra comparator 
by determining the coincidences at a number of chosen regions, 
marked by dots on the sun spectrum, which correspond, in a sense, 
to the lines in an early-type spectrum, on which the cross wire is 
set. The accidental errors can thus evidently be determined from 
the probable error of the determination of the points of coincidence 
in these regions. After the spectra have been measured with the 
violet end to the left, for example, they are reversed on the com- 
parator, and the same regions remeasured. ‘The differences of dis- 
placement, corrected for a systematic effect due to reversal, are 
evidently wholly due to accidental errors of setting, and from these 
the probable error of a region is readily obtained in the well-known 
way, giving a measure of the purely accidental error. 

In addition to the purely accidental errors of setting are others 
also of an accidental character due to irregular arrangement of the 
silver grains or distortion of the film, to the forming of the coinci- 
dences to one side or other of the dot or center of the region and 
consequent incorrect value of the velocity-constant by which the 
displacement is multiplied, and to numerous other causes. A 
measure of the total accidental error is evidently obtained by com- 
puting the velocities separately for the mean of the two measures 
red right and red left of each region, by obtaining the residuals from 
the mean velocity of the plate, and the probable error in the usual 
way. This probable error should be and is, as is seen below, some- 
what greater than the purely accidental error of setting. 

The systematic errors due to instrumental peculiarities can only 
be obtained from the discussion of plates of the same star in suffi- 
ciently large numbers to insure that the systematic displacements 
for this particular spectrograph become accidental in character. 
It is possible, however, that there may be slight constant system- 
atic differences in the values given by different spectrographs. 
This is shown in the results below, but is likely due to accidental 
errors of the fundamental spectrum. We have, in the three disper- 
sions, plates to the number of 24,11, and 38. By treating the resid- 
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uals from the mean velocities, we can obtain the probable error 
of a single plate in which we get a good relative idea of the system- 
atic errors, although as before stated we have the accidental 
errors of measurement included. ‘This certainly gives us an accu- 
rate idea as to the total error involved, which in the ultimate analy- 
sis is what we wish to know. ; 

The following tables contain a summary of the measures in the 
three dispersions. 


SPECTROGRAPH III L. 10.1 per mm 


PROBABLE ERRORS OF SINGLE REGIONS 
PLATE No. Pouee ,| VELOcITY Errors of Setting eae RESIDUAL 
ERRORS 
km Rev. km km km 
TA20 See aL — 574 +0.0015 +0.59 +0.82 0.23 
TAG Se Seer ial 4.97 .0008 a2 .59 0.54 
TASOa 16 5.64 . 0009 135 252 0.13 
LS DAG teers I2 SOL .OO17 .66 .93 0.40 
Toisas 13 5.78 .0008 ee re 0.27 
1520 see we ie) 6.14 .OOTO 41 .65 0.63 
PaO ee ta eet 13 5.59 0020 78 aa 0.08 
ERGOs fos ie) 5-94 .OOI2 .49 .61 0.43 
Pols eee tI 6.93 . 0013 ts! .62 I.42 
ESOS Sean 12 4.14 0009 So 53 1.37 
instant cea Be 5 As .OOTO 39 .69 0.08 
E507 eee 13 OTe .OOII 43 .66 O.71 
EOOO cee cre 12 5-42 . 0009 a7 .61 0.09 
TOY Soe oe 12 6.24 .OOT' [42 Th 0.73 
TOLG eee: 12 6.86 . 0009 37 weeks 1.35 
TOG wes 16 Fett .OOII .40 .g2 0.37 
LOZO wee 14 5.80 .OOII 43 .64 0.29 
1623) 2 hoeee 15 4.58 .OOI5 257 .61 0.93 
t0%¢ 2 ene 4 3.07 .OO14 363 48 1.54 
TO45 en ae 16 5.00 .OOT5 av .64 O.51 
TOO2 eee 12 4.98 .OOIT ot 272 0.53 
TO7 Tie ce 16 6.10 . 0009 oe 505 ©.59 
£672 Fee 14 5.18 . 0013 est -45 0. 33 
LYOO hee, Is 4.62 0009 35 a ey ft 0.89 
Means 13 —§ 51) (0, 00117 +0.453 +0.628 


Average probable error of setting single region=+0.45 km. 

Average probable total accidental error single region = +0.63 km. 
Average probable total accidental error single plate= 0.17 km. 

Total probable error (accidental++systematic) single plate=-.0.50 km. 
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SPECTROGRAPH III R. 206.2 t.-m. per mm 
PROBABLE ERRORS OF SINGLE REGIONS 
PLATE No ING: OF VELOCITY E f i : 
hh ee rrors of Setting Total Accidental| RESIDUAL 
Errors 
km Rev. km km km 
OL a IO —6.64 +0.0011 +0.80 +1.22 2.09 
1 Pot ig ae 9 4.94 . 0009 .67 I.04 0.39 
Be onta< < « 9 5-58 . 0009 MY; 0.83 T3003 
2 | fe fe) 4.83 OO13 .95 1.18 0.28 
2h) oe II 24 .OOII By be. I.02 1.28 
2 Io 4.16 . 0013 .95 0.64 0.39 
pe Io Ae . 0013 95 1.25 I.08 
i he eee ste) Cy fo) ole} Ke) 273 0.87 Ta 
ace, ae Io 4133 . 0006 44 Torr Tn22 
oy Be Io ee) .0008 A! 0.88 50,03 
SEES cad c % Io 3.54 .OO12 .88 0.99 Tene 
Means ite) —4.55 |+0.00105 +0.75 +1.00 
Average probable error of setting single region= 0.75 km. 
Average probable total accidental error single region= +1.00 km. 
Average probable total accidental error single plate=-+0.32 km. 
Total probable error (accidental+-systematic) single plate=+0.75 km. 
SPECTROGRAPH I. 33.4 Angstréms per mm 
PROBABLE ERRORS OF SINGLE REGIONS 
No. oF 
PLATE No. E- VELOCITY Errors of Setting Total Accidental RESIDUAL 
ia Errors 
km, Rev. km km km 
es Ee 6 —6.14 +0.0019 +2.25 +2.49 6.13 
NE aes og 8 Bg ea -  ,0009 1.02 1.25 1.86 
ae ae oe 9 5-49 . 0007 0.78 1H | 0.52 
ct |. ee ee rs 6.58 .0o16 1.86 TcO2 sheaf 
oo ee 7 5-42 .OO12 230 che ©.59 
EAS eae 8 8.54 . 0008 0.90 ty 2.53 
oe hs Ci ae 9 6.42 .OOT4 L857 1.89 O.41 
SLAGDS isa « 9 5-49 .OOTI 1.23 1.39 O1s2 
eG 2 vious « 9 ee .0008 ©.90 I.30 0.58 
STASG..... ss II 7.56 .0007 0.76 1.52 ties 
Cie | eo II 6.84 .OO1O 1.08 TE 2% 0.83 
SIAN 2.9%): II 6.19 .0006 0.65 1.80 °.18 
TAIN s £103. 9 5-49 .0008 0.90 1.83 0.52 
i Ot ee 9 4.44 .OOTI ROK 2.27 rs 
BiAOG. . ..<..> 9 4.87 .OO12 1.34 14.90 I.14 
STCC?. . > ::5 9 4.44 .0007 0.78 reas Lion? 
BICOL 2 ks 9 4.44 .OOII 1.23 187 ea 
BEG OCS § <0. 9 5-99 . 0007 0.78 1.45 0.02 
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SPECTROGRAPH "7 533,4 Angstroms per mm—Continued 


PLAT No: 


cis 2 6.0 @ 
eoeceevee 
eeceeee 
a, 0, 6 oie: 
eo eevee 
eevee 
ceercee 
eee eee 
eeeces 
eecveee 
cece eee 
eeeecee 
eeeceee 
eeceevee 
ofé! fe, ©) :8) 18 
© B96, aye 
oe ow we 
© (6) 9) Fehon 
eee 8 6 


ee « ¢ 


OOODODODOOOOODOOOO ONO OOO”) 


8.84 


PROBABLE ERRORS OF SINGLE REGIONS 
VELOCITY Errors of Setting Total Accidental) RESIDUAL 
Errors 
km Rey. km km km 

5.51 .0008 ©.90 t.16 0.50 
6.20 . 0009 T/055 1.61 0.19 
5.56 . C009 I.O1 I.00 0.43 
5-64 .0008 0.90 1.68 0.37 
5.64 . 0005 0.56 LaLs 0.37 
4.34 .OOI2 1334 1135 267 
5.08 .OO1O I.12 0.93 0.93 
5-51 .OOI2 134 1.79 0.50 
6,21 .OOII tag 0.91 0.20 
6.98 .0008 0.90 1.64 0.97 
5.96 . 0006 0.67 Ly 0.05 
6.83 .OOII 123 1.63 0.82 
7270 .OOII tae 1.39 rey 
mane .OOIO Sar 1.80 0.79 
5122 . 0009 Lor 1.06 0.79 
6.83 .0008 0.90 1.45 0.82 
6.15 .OOLI 2% 0.86 0.14 
5-90 .OO13 1.46 1.36 0.21 
8.07 . 0009 7701 Legs 2.06 
4-23 . 0005 0.56 0.69 i. 95 

—— OOF +0.00097 +1.09 = oo a 


Average probable error of setting single region= +1.09 km. 

Average probable total accidental error single region=+1.41 km. 
Average probable total accidental error single plate=+0.47 km. 

Total probable error (accidental+systematic) single plate=+0.70 km. 


Collecting in the following table the final values, we obtain the 
relative errors for the three dispersions. 


SPECTROGRAPH 


ce @ * «Ke 


© © fe 0.6 0: = S18 


No. OF 
PLATES 


MEAN 
VELOCITY 


ma pre b 
—4.55 
—6.0o1 


ERRORS OF SINGLE 


REGION 
Total 
Errors of Accidental 
Setting Errors 
+0.45 | +0.63 
0.75 I.00 
I-09 1.41 


ERrRorS OF SINGLE PLATES 


Total Er- 


rors, Acci- |Accidental | System- 
dental and atic 
Systematic 
+0.50 | +0.17 |40.47 
0.75 0.32 0.68 
0.70 0.47 | 0982 


We have in the first column the spectrograph employed; in the 
second the dispersion in Angstréms per millimeter at Hy; in the 
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third the number of plates measured; and in the fourth the mean 
velocity of these plates. , 

The fifth column contains the average probable error of the 
estimation of the coincidences in a single region, while the sixth 
contains the average total accidental error as obtained from the 
final kilometer values of the displacement for each region. 

Under the heading of Errors of Single Plates we have in the 
seventh column the total error obtained from the mean velocities 
of all the plates, and in the eighth the accidental error obtained by 
dividing the total accidental error of a single region by the square 
root of the number of regions, while the ninth column is obtained 
from the two preceding columns by taking the square root of the 
difference of their squares. 

It is difficult to account for the results obtained, especially in 
the errors of single plates, for, as before stated, one would expect 
the kilometer values of the probable errors to be inversely propor- 
tional to the linear dispersion. ‘This is approximately true so far 
as the errors of single regions are concerned, and the discrepancy 
can be satisfactorily explained by the greater ease and accuracy 
in the determination of coincidences in the single-prism spectro- 
graph owing to the decidedly smaller curvature of the spectral lines. 
But when we come to the total errors of a single plate as determined 
from the measured velocities of the plates, we find the errors instead 
of being in the ratio of 1, 2, and 3, as we should expect, areas 1, 
13, and 1} approximately. 

So far as III L and III R are concerned, it must be remembered 
that, although the linear dispersions are as 1 to 2, the angular dis- 
persions and the resolving powers are equal and the decrease of the 
ratio from 1:2 to 1:13 can thus be accounted for. In the single- 
prism spectrograph, however, the linear dispersion, angular disper- 
sion, resolving power, and purity of spectrum are practically only 
one-third of those of III L, and the errors should be three times as 
great. Instead of that the total error of a plate, which is of course 
the most important quantity to be determined, is only 4o per cent 
greater with the lower dispersion and an examination of the last 
two columns shows that the systematic (due to changing instru- 
mental factors) part of this error is nearly the same in III L 
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and I, while the accidental part is nearly in proportion to the 
dispersions. 

This would seem to indicate either that the single-prism spectro- 
graph is less likely to give systematic displacements of the spectrum 
lines than III L or that the kilometer rather than the linear value 
of the systematic displacements remains constant. So far as the 
first supposition is concerned, although the single-prism instrument’ 
is undoubtedly less affected by flexure than III L and is probably 
better controlled and regulated as regards temperature, these two 
factors will not have much influence in the short exposures required 
on Arcturus. ‘There is no ground for supposing on the other hand 
that kilometer rather than linear values of the systematic displace- 
ment should remain constant except in the case of displacements due 
to temperature changes in the prisms. 

A partial explanation of the relative superiority of the low- 
dispersion instrument is that it may be due to the fact that the 
three-prism plates were mostly made on different dates and at 
varying hour angles, though never far from the meridian; while the 
one-prism plates were made in four groups only, the plates being 
obtained consecutively and probably under similar conditions in 
each of the groups. 

In any case it seems to be evident that radial velocity determina- 
tions of second-type stars may be made with low-dispersion instru- 
ments with an accuracy not much less than that obtainable with 
the high-dispersion instruments at present in use. This fact, if 
considered established by the present investigation, is one of much 
importance, as it admits the carrying of the spectrographic survey 
of the heavens to stars more than a magnitude fainter than those - 
at present available. 

It may be of interest to compare the values of the probable 
errors of a region and plate in the solar-type star Arcturus with those 
obtained in my investigations on the effect of slit-width,? of the 
probable errors of an average line and of a single plate in the case 
of the early-type star 8 Orionis. I will in this case take the mean 
of the values obtained for the three slit-widths 0.025, 0.038, and 

t Journal R.A.S. Canada, 3, 287, 1909. 

2 Astrophysical Journal, 28, 259, 1908; Trans. Royal Society of Canada, 3, 209, 1909. 
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0.051 mm, thus using 18 plates with III L, 30 plates with III R, 
and 30 plates with I. 


PROBABLE ERRORS 


Spectrograph Welle Single Plate 
Pete OCs fatse aie an oak +2.20 +1.17 
DAMA Bemm ee de ae ote sie tetera +2.47 +1.53 
Dg ere cies oie lees ie aso ist +3,.18 +2.16 


These results are relatively to one another in substantial agree- 
ment with those obtained in the present investigation though not 
quite so favorable to the low dispersion. There seems hence to 
be no reasonable doubt that the accuracy of radial velocity deter- 
minations does not by any means proportionately diminish with 
decrease of dispersion. 

It is evident therefore that the high probable errors of single 
observations obtained in our work on spectroscopic binary orbits 
must be due, not to the small dispersion employed giving results 
relatively less accurate than those obtained with high-dispersion 
instruments, but to the character of the lines in the spectra, with the 
resultant high errors of measurement. In many cases also they are 
probably due to abnormal conditions in the orbit causing devia- 
- tions from velocity-curves due to simple elliptic motion, thus giving 
higher residuals. 

I have tabulated below the probable error of an average obser- 
vation of the velocity of the brighter stars of some of the spectro- 
scopic binary systems as determined here and at the Allegheny and 
Lick observatories and it will be noticed at once that the accuracy 
very rapidly diminishes as the spectrum lines become broader and 
with orbits containing abnormal secondary or other effects. The 
slightly lower values obtained at Allegheny for the probable errors 
are likely due to the fact that many of their spectra were made on 
the fine-grained Seed 23 instead of the coarser-grained Seed 27 plate 
used at Ottawa. 

None of the orbits determined with low dispersion at Ottawa 
and Allegheny is of stars with solar-type spectra, so that no 
measure can be thus obtained of the relative accuracy of this 
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dispersion. ‘Three solar-type binaries observed at the Lick Observa- 
tory with a single-prism spectrograph show fairly accurate results, 
especially W Sagittari1, with a plate error of +0.90 km, and 
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Spectral 
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One-prism 
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which if three or four discrepant observations are omitted reduces 
to +0.55 km. This is of the same order as the probable error 
of a single-prism plate of Arcturus as determined here (40.70 km). 

The probable errors of single observations of binary and con- 
stant-velocity solar-type stars with three-prism dispersion both 
at Lick and Ottawa seems to be very close to half a kilometer and 
in cases where it is greater it is apparently due to the poorer quality 
of the spectra for measurement. ‘Three cases in which the probable 
error of a plate is less than half a kilometer are known to me. At 
Ottawa a series of 11 plates of 8 Geminorum gave a probable 
error of to.40 km per second. When observations are limited 
to certain hour angles and special precautions taken, as at Bonn 
by Kistner in determination of the solar parallax, 16 plates of 
Arcturus gave a probable error of a single plate of to.22 km; and 
at the Royal Observatory Cape of Good Hope, 22 plates of 
8 Geminorum gave a probabie error of 40.34 and 55 plates of 
a Bootis of to.42km. There is no doubt, though no values have 
been published, that the work at the Lick and Yerkes Observatories 
on solar-type constant-velocity stars is equally accurate. 

It seems to me therefore that we may safely draw the following 
conclusions from the preceding discussion: 

I. The accuracy of determination of the radial velocity of stars 
of solar type by means of spectrographs of different dispersions 
is not, as would be expected, inversely proportional to the disper- 
sion, but in the cases under discussion only a small increase of 
probable error, 40 per cent, takes place when the dispersion is 
divided by three. As the relative exposures required are as about 
five to one, it is evident that stars more than a magnitude and a 
half fainter become available. 

II. The probable error very rapidly increases with the increase 
in diffuseness of the lines in early-type stars, varying in low- 
dispersion spectrographs from about +2 to +11 km per second. 
Experience in work with these stars has convinced me that the 
whole of this error is not due to the accidental error of pointing, but 
that in many cases some physical cause in the star’s atmosphere 
is responsible for a considerable part of the discrepancy. 

III. The results of this and other investigations show that the 
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probable error of a single ordinary observation of a good second- 
type star with the usual three-prism dispersion is in the neighbor- 
hood of o.5 km per second. When greater than this, it indicates 
a spectrum with poorer lines, and when less, that special precautions 
and limitations were adopted in the making and measurement of 
the spectra. It is also shown that the probable error of determi- 
nation with a thoroughly stable one-prism instrument of one-third 
the dispersion is for solar-type spectra measured on the spectro- 
comparator about +o.70 km per second, and for spectra of earlier 
type varies from about +2 to +11 km per second. 

IV. Generally speaking the major part of the errors in solar- 
type stars are due to systematic displacements of the lines as a 
whole owing to flexure, temperature changes, imperfect adjustments 
of the optical parts, faulty guiding, or other causes, and the 
accidental errors of pointing are responsible generally for only one- 
third or less of the total error. In the case of early-type stars the 
systematic displacements due to instrumental conditions will 
probably be approximately the same while the errors of pointing 
are correspondingly increased. 

The interest of the Director, Dr. W. F. King, in this work is 
hereby gratefully acknowledged. 
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THE COLLIMATION OF THE CORRECTING LENS 
By J. S. PLASKETT 


When the new single-prism spectrograph was brought into use 
it was noticed that the star spectra obtained were unusually weak 
in the violet. Although the absorption of the new prism of 51 mm 
aperture is somewhat greater than that of the one previously in 
use (35 mm aperture), this difference is by no means sufficient 
to account for the difference in intensity at the violet in the two 
cases. 

In many star spectra the lines to the violet of Hé are important 
and the best measures obtained are frequently those of the K line. 
Moreover, greater accuracy should be obtained in this part of the 
spectrum on account of the greater linear scale. It was hence 
important to discover, if possible, the cause of and the remedy 
for this difficulty. 

It was necessary, when the new spectrograph was attached to 
the telescope, to make some changes in the attachment of the 
correcting lens, and there was a possibility that the distance of 
the lens from the focus had become changed and the form of the 
color-curve altered sufficiently to throw the image in violet light 
considerably beyond the slit. However, a redetermination of the 
color-curve by Hartmann’s method of extra-focal exposures showed 
that the minimum focus was at about 4 4325, that the focal points 
for light at 4 3930 and 44700 were each about three millimeters 
beyond that at 4 4325, and moreover that the position of the slit 
was the most favorable for obtaining uniform intensity of the 
photographed spectrum from HB to K. 

These two possible causes having thus been disposed of, the next 
tested was the guiding apparatus. The visible image produced 
by the combination of visual objective and correcting lens consists 
of a more or less condensed nucleus of blue-green light surrounded 
by an extended penumbra or halo of reddish light, and one guides 
by the blue-green nucleus while the slit is rendered partly visible 
by the penumbra. It is not possible, owing probably to chromatic 
aberration, to get both sharp at the same time, and there is usually 
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considerable parallax, due partly to this cause and partly to the 
fact that the visual blue-green image is really a millimeter or more 
beyond the slit. It is possible, therefore, although the image may 
be kept apparently central, that its effective part is really to one 
side or other of the slit, producing diminished intensity of spectrum. 
However, a careful readjustment of the reflecting prism and guiding 
apparatus produced no perceptible improvement. 

The following test was then made to determine whether guiding 
with the image apparently above or below the slit would have any 
effect. After the governors had been so adjusted that the star image 
drifted the width of the star window along the slit in 20 seconds, 
four spectra of the bright star a Aquilae were made, with an expo- 
sure on each of 60 seconds, 3 times drifting, side by side on the one 
plate. Jn the first of these the star image was kept bisected by the 
upper edge of the slit opening (as seen in the guiding telescope), 
in the second the image was kept central, in the third bisected by 
the lower edge, and in the fourth kept entirely below and just 
touching the lower edge of the slit. The result of this test is 
shown in the figure at A where a, 6, c, d represent the four posi- 
tions in guiding. It will be noticed at once that the point of 
maximum intensity moves toward the violet as the image is moved 
down. A little consideration renders it evident that this effect 
is due to a sort of dispersion of the image, that the violet part of 
it falls above the blue-green by more than the width of the slit. 
This cannot be detected by the eye on account of the very low visual 
intensity of the violet light. As a matter of fact the guiding must 
be done almost entirely by the image formed by light of wave- 
lengths between A 4600 and 4 4900. To the violet of this region 
_ it is too faint, and to the red the image is too far out of focus for 
any effect on the eye. It is evident from the figure that it is only 
when the image formed by this light seems to be entirely below the 
slit that the maximum intensity in the violet is obtained, and that 
in consequence the violet image is on the slit. 

Such dispersion of the image may be assigned to one or more 
of three causes: (a) to faulty squaring of the objective; (b) to 
atmospheric dispersion; (c) to imperfect collimation of the cor- 
recting lens. 
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A test of the objective showed it to be in correct adjustment, 
and moreover throwing it considerably out of square had no 
appreciable effect on the appearance of the image, or on spectra 
made under the same conditions as before. 

That it was not wholly due to atmospheric dispersion was at 
once proved by the same test, as described above on a Aquilae, 
applied to a star near the zenith, where a similar effect was pro- 
duced. 

That incorrect collimation of the corrector was the principal 
cause was finally shown when, after a change in collimation, the 
test gave a different arrangement of the intensity in the four 
spectra. The correcting lens, which was specially designed,” has 
an aperture of 102 mm (4 inches) and is placed 150 cm (59 inches) 
within the focus. It is mounted in a tube whose lower end is held 
in a flange which screws into the telescope adapter, while near the 
upper end a guide ring holds it central. It was carefully collimated 
with both the old and the new spectroscope by pointing the telescope 
to the zenith, removing the objective, and hanging a steel piano 
wire centrally through the objective cell, the correcting lens cell, 
the slit, and the collimator lens cell. It is possible that after 
collimation there may have been some movement of the spectro- 
scope before it was finally rigidly fastened into position, and that 
this was sufficient to produce the observed effect, for, as will be 
seen later, a displacement of a millimeter is sufficient to produce 
marked changes in the distribution of intensity in the spectrum. 

Some further tests showed the necessity for having the collima- 
tion of the correcting lens made adjustable. Consequently the 
~ upper end of the tube was made movable transversely to the slit 
by applying a screw of ;'5 inch (13 mm) pitch, with a divided 
head, to the guiding ring above mentioned. No longitudinal 
adjustment was provided, as any dispersion along the slit will 
not tend to throw any part of the image to one side or other of the 
slit opening. 

A series of tests, similar to the one described above, was then 
made at different settings of the adjusting screw of the corrector 
tube, and it was soon discovered that the correcting lens was very 

t Astrophysical Journal, 28, 139, 1908; Report of Chief Astronomer, 1908, p. 73. 
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much more sensitive to changes in collimation than had been 
imagined. Plate XIV shows tests at three settings, B, 1.6; C, 2.0; 
D, 2.4, of the adjusting screw, the distance between successive 
positions being o.6 mm. The spectra are of the star a Aquilae, 
and the exposures, which are of 60 seconds each, are made with 
the star near the meridian and the telescope west of the pier. ‘The 
slit was 0.051 mm wide and the image was guided so that a, b, c, d 
refer to the same positions as at A. 

The criterion for determining the best position of the correct- 
ing lens must evidently be the intensity. toward the violet end of 
the spectrum, for, owing to the greater photographic effect in the 
blue-green and the expanded image there due to the form of the 
color-curve of the corrector, a slightly asymmetric position of the 
image on the slit will have little effect on the intensity. It will be 
noticed then that c in B, b in C, and a in D are the spectra which 
have the greatest extension and intensity in the violet and are 
evidently therefore the positions where the violet part of the image 
was central on the slit. Hence in position B, setting 1.6, the 
violet image was apparently above; in position D, setting 2.4, 
apparently below the blue-green image on which guiding is neces- 
sarily performed; while in C, setting 2.0, they are superposed, as 
the greatest intensity in the violet is given when the image is kept 
central. 1 

C, at setting 2.0 of the corrector screw, is therefore the posi- 
tion, not necessarily (as the star is not at. the zenith) of exact 
collimation of the correcting lens, but the position where the disper- 
sion produced by the atmosphere is just counteracted by the oppo- 
site dispersion caused by a slight departure of the corrector from 
exact collimation. 

If we now look at the lower part of the figure, spectra made in 
a similar way of the same star near the meridian, but with the 
telescope east of the pier, where £ is at setting 0.8, F 1.2, and 
G 1.6, we find that the best position F is at a setting of the correct- 
ing lens 0.8 rev., or 1.25 mm, distant from the best position west 
of the pier. 

As the atmospheric dispersion acts in the same direction in each 
case, the change in collimation must be due to flexure of the tube 
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of the telescope, which is sufficient to displace the correcting lens 
at the declination +8°6 by 0.6 mm (,; of an inch), from the line 
joining the center of the objective and the slit. This is not unrea- 
sonably large when we consider that the correcting lens is 150 cm 
from the slit. A further test on a Cygni, which at the meridian is 
only half a degree from the zenith, showed the best position of the 
corrector to be at setting 1.6 midway between the others. 

Consequently, assuming this change of collimation to be due 
to flexure, and that approximately this is proportional to the sine 
of the zenith distance, a table of the corrector settings for every 
ten degrees of zenith distance, from o° to 70°, was computed and 
will be used, after some further tests at intermediate points and at 
large hour angles, for every spectrum taken. 

The necessity of this is very clearly shown by the marked 
dispersion of the image indicated in B, C, D and E, F, G for a 
difference of position of the correcting lens of 0.6 mm. Indeed 
further tests showed that a change of collimation of only 0.25 mm 
can easily be recognized by the distribution of intensity in the 
spectra, and it is evident that, for the best results, we must insure 
very exact collimation. These tests show that a photographic 
correcting lens for visual objectives has no field, that it must be 
used along the axis. If the cone of light from the objective, 
which is 99 mm in diameter, falls even 0.25 mm to one side of the 
center of the correcting lens, the star image is dispersed in such a 
way that the image in violet light falls to the same side of the 
blue-green image. Estimating from the tests made, the disper- 
sion or separation of the blue-green and violet images is approxi- 
mately o.05 mm for each 0.75 mm the corrector is moved. 

These experiments have seemed worth recording, as showing 
how very carefully the corrector must be collimated, even to such 
an extent that the departure from collimation due to flexure of 
the telescope tube must be accurately compensated. It is con- 
vincingly demonstrated by the figure that a departure from colli- 
mation of only 0.6 mm (0.025 inch) will much increase, nearly 
double, the exposure time required for the violet end of the spectrum. 
Moreover, there is a further even more important consideration, 
that systematic displacement of the lines is less likely to occur 
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under accurate collimation. Uniform illumination of the colli- 
mator lens by light of every wave-length (necessary to prevent 
possible systematic displacements) can be produced only when the 
images in light of all the wave-lengths used fall centrally on the 
slit. 

It gives me much pleasure to express my appreciation of the 
interest shown by the Director, Dr. King, in this work. 
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ON THE REVERSAL OF SPECTRAL LINES: 
By H. KONEN 


t. In a repetition of Pfliiger’s? experiment on the absorption of 
luminous hydrogen, A. Ladenburg? observed certain phenomena 
of reversal when he used high dispersion, which he regarded as 
a proof that the quotient #/A, emission over absorption, is not 
constant within the line investigated. He further concluded that 
the radiation of hydrogen is not a temperature radiation. 

In contrast, Pfliiger* has shown that the explanation offered by 
Ladenburg is a possible one, but not a necessary one, and that the 
observed phenomena might equally well be explained for a con- 
stant E/A, if we take into account the fact that Ladenburg’s 
emitting tube furnishes a spectrum by no means equivalent to the 
continuous spectrum of a black body, but that it has diffuse maxima 
at the positions of the hydrogen lines. He accordingly identified 
the phenomenon with the multiple reversal of spectral lines often 
observed and discussed by spectroscopic observers, and at the 
same time he has contributed toward an explanation of the 
phenomenon. 

On first looking at Ladenburg’s illustrations, Iswas reminded of 
the phenomena of reversal previously described by Konen and 
Hagenbach,’ and I immediately communicated to Professor 
Kayser of Bonn a computation in complete agreement with the 
results of Pfliiger. The latter then sent me his manuscript, and I 
accordingly laid aside my notes. It now appears to me, however, 
that they may have some interest in connection with those of 
Pfliiger, inasmuch as they propose an entirely different way, and 
also permit a somewhat simpler and more rigorous manner of 

« Translated from advanced proof sheets of an article appearing in the Physikali- 
sche Zeitschrift, 11, 663, Igto. 

2 Annalen der Physik (4), 24, 515, 1907. 

3 Verhandlungen der deutschen phystkalischen Gesellschaft, 10, 550, 1908; 12, 54, 
IQIo. 

4 Ibid., 12, 208, Igto. 

5 Astrophysical Journal, 19, 110, 1904. 
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regarding the reversal phenomena: of spectral lines than do the 
methods of representation hitherto given. | 

2. Let us designate by E, the emission of the source of light 
which is to serve as an absorbing medium, that of the emitting 
source by E£,, while A, and A, may signify the corresponding 
absorptions, and e the emissive power of the absolutely black 
body. The source of light I is then observed through the luminous 
gas II. Let it further be assumed that Kirchhoff’s law holds good 
within the spectrum, i.e., H,/A,=e’, E,/A,=e’, in each instance 
for a definite temperature and wave-length. The resulting emission 
FE then obviously is the value 


FLtEH,1—A,)=E, 


and it may be represented by the curve E=f(A). A reversal will 
occur at each point where this curve has a minimum. Whether 
this reversal will be perceived in practice as such, 1.e., as a relatively 
dark band on a brighter background or not, will depend upon the 
method of observation and on the relative intensity of this minimum. 
A decision on this point is, however, a secondary matter to be 
settled from case to case. 

In the experiments on reversal which we are now considering, 
we are dealing throughout with spectral lines, that is, we may 
assume that the function E, has pronounced maxima within which 
the course of E, is an “‘ordinary”’ function.t The same thing is 
true of £,. So we are able to follow the course of # with the aid of 
dE/d4’. It is evident, in order to have a reversal occur, that 
dE/dA must be at least once equal to zero in the region of an emis- 
sion line of body II. Therefore we must have 
0 (Eas 


RB SNE OR) else paieaee 
or e” 


Within the narrow maxima corresponding to a line, e’’ may be 
regarded as constant. The first condition therefore reads 


é 
« The spectrum must be reproduced in order that E, may be investigated. This 
alone furnishes a justification for the assumption made. 


dE, 
dA 
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3. It is not permissible that we should now regard every mini- 
mum in the course of — as a reversal. Minima and maxima in 
the course of. #, and FE, are to be excluded. It will therefore 
henceforth be assumed that neither #, nor E, possesses more than 
one maximum, and that they have no minimum. — In other words, 
that the lines under consideration are simple and not compound. 
Further, let , be a line and not a continuous spectrum. Finally, 
for simplicity, let us assume that the centers of the emission.lines 
of #, and E, coincide. It is obvious that this involves no serious 
limitation. We may now state that e’’—E, is always positive, 
never zero, and that the differential quotients SE,/6 and 6E,/6r 
have the same sign. It therefore follows that the first member 
in equation (1) must have the opposite sign from the second for all 
points in which 6£,/5\ and 6E,/6d do not disappear. This case 
always occurs at the center of the lines. We shall return to it soon. 

If both differential quotients differ from zero, we shall obtain 
as the first condition for the occurrence of a reversal the well-known 
relation E,>E,, i.e., light-source I must have a higher temperature 
than source IT. 

4. The case remains where one or both of the differential 
quotients vanish. We have the relation 6#,/6\=o, either when 
E, is a constant, therefore if I emits a continuous spectrum, or 
when £, has a maximum or a point of inflection. If I emits a 
continuous spectrum, then we have 


SE ay 
Hr —FE,)=o. (2) 


This equation is always fulfilled if 6E,/6\=0, or e’’—E,=o, or 
therefore at the center of the line of gas IT, or if both bodies have 
the same temperature. If a reversal now occurs, 6£/6\ must 
be negative below the center and positive above the center. We 
ok, 
therefore have for \<A,, > (e ‘—E,)<o, for any selected points; 
therefore, since 5E,/6A is-positive, e’’—E, must be less than zero, 
therefore E,>e’’, and accordingly the temperature of I must be 
higher than that of body II. At the same time it results that 
equation (2) can be fulfilled only for the position \=A,, since FE, 
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is assumed as constant. The result, therefore, is that against a 
continuous spectrum only a simple reversal can take place which 
has its maximum at the place of the maximum of emission, and 
that it occurs always and only when E£,>e’’. Therefore, if we 
observe a multiple reversal against a continuous background, 
we are to assume that E,/A, varies, and that E£, does not follow 
Kirchhofi’s law, it being assumed that we are dealing with a simple 
line. 

5. £, can have a maximum only when it consists of a single 
line. In the middle of this line 6Z,/5\=0, so that equation (r) 
is satisfied, being identical. In order that a reversal should be 
visible at the center of E, the differential quotient 6#/6 must be 
negative on one side of the center below A,, and positive above the 
center, within a finite range. We therefore obtain from equation 


(z) 
3 


f ee oF, 
gy (6 E+ 


ie 5X 


(e’—E,)<o. (3) 


The second number is now positive and similarly 5£,/6%, whence 
e’’—F, must be less than zero. We therefore again obtain as a 
necessary, but this time not sufficient condition, that E,>e”’, i.e., 
the temperature of I must be higher than that of IT in order that a 
reversal at the center can be possible. 

If Z, has a point of inflection, but E, has not, then 6E,/6’=o0, 
whence according to equation (1) e’’—H,=o, inasmuch as 6#,/6 
does not vanish. Below this point E,<e’’, and above it E,>e”, 
in accordance with our assumption as to the lines in question. If 
a minimum or a reversal is to occur, then must 6E/é6\<o, hence 


) 


Fi It 
eae. ea 


8 
1(e""—E,)<o. 


YY 
All the terms are here positive, and the equation is impossible. 
Points of inflection of Z, therefore furnish no reversal. The same 
is true if £, has a point of inflection while Z, has not. We therefore 
obtain the condition : 


SR; . 
gy (e  E) Ons 


which is impossible of fulfilment. 
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The last case to be considered would be that where both EF, 
and EF, have one point of inflection. Condition I is then fulfilled. 
Below this point, we must in case of a minimum have A<o, and 
above it A>o. Since all the members of A are positive, with the 
exception of e’’—F,, this must be negative, and we therefore again 
obtain as a necessary but insufficient condition for the occurrence 
of a reversal, E,>e’’, ie., the temperature of EZ, must be higher 
than that of £,. 

6. The question arises what are the further conditions required 
to produce a reversal in the other cases. Inasmuch as E£,<e’’< E,, 
equation (1) may be written 


oF, OF, ) 
toy Pity Pas H (Pike) =O 

if we place 

te ge oi eae 
A minimum therefore occurs if the product F,XF, possesses a 
mimimun. fF, is here a function which considerably increases 
from the edge of the line to its center, while F, decreases. If 
F, and F, are given, as in the experiment, the positions of reversal 
can therefore be reckoned when e’’isknown. But here the question 
arises whether such cases are really thinkable. It is, however, 
the fact that quantities Ff, and F, can always be found, one of 
which continuously increases while the other continuously decreases, 
so that their product has several maxima and minima. We can 
convince ourselves of this by a drawing or by forming the quantities 


3(F.F.) 
ov 
and 
6*(F,F,) 
ov ; 
We therefore obtain 
SRapsiei 2ime 
Re Mume ? 


and by appropriate disposition of the second differential quotients 
(FF) 
dA? 


8° (F,F,) 
dA? 


make 
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positive as well as negative for given positions. Hence, it follows 
that multiple reversals are always possible, even when Kirchhoff’s 
law is valid, i.e., always when the product FF, has several maxima.’ 

7. We may now also determine in which case a reversal occurs 
in the center of the two lines, or in two points of inflection corre- 
sponding to the same value. Inasmuch as 


OU oe oF, of, 
SA. OAL) tO AG aan Rea? 
therefore 
6?(F F,) 
dv? 
takes the value 
Le a etre eS 


Now F, evidently has a maximum at the center of the line, whence 


SF, 
po e 


Conversely, #, has a minimum at the same place. We therefore 
get a dark center, without regard to the sign, of 


OF, OF, 


Be yar ee 


and a bright center, if the reverse holds true. This condition is 
obviously identical with equation (3). If #, and £,, and hence 
also Ff, and Ff, have points of inflection, then 

Qiao. 

“8A2? OA 
also vanish, 1.e., /,F, also has a point of inflection. It therefore 
follows that no reversal can occur at a point where £, and E, 
have points of inflection. 

8. The results of the whole discussion may be summarized in 

the following theorem. 


tT am indebted to the kindness of Professor Dehn of Minster for examples of 


(y—A) _ 
V2 


what has been said, e.g.: F2=1/\, F:=y, where y is defined by the equation 


r 
a sin. p(2*) =o. By an appropriate choice of p we may obtain as many maxima 


and minima as may be desired in a given interval of X. 
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In order that reversals should occur, it is necessary that the 
emitting source of light should have a higher temperature than 
the absorbing source of light. | 

If the emitting body furnishes a continuous spectrum, then only 
a simple reversal is possible, and it occurs if E,>e’’. 

If the emitting body gives a spectrum with a pronounced maxi- 
mum near the line of the absorbing body, a reversal will occur 
at the center of the line if H,>e’’, and, disregarding signs, if 
oF, oF, 


>F 
Since 6/,/6A and 6F,/6A are equal to zero, this may also be written, 
with disregard for the sign, 


|F:p3|>|Fapal, (4) 


where p designates the radius of curvature at the center. This 
means that the occurrence of a reversal is favored the greater the 
difference E,—e”’, and the flatter the curve E,; or the sharper the 
emission line and the smaller the difference e’’—E,; that is to say, 
the more the maximum of E, approaches the emission of the black 
body. 

Away from the center of the line reversals are not possible 
at places where one or both of the curves have points of inflection. 
They may, however, occur at all places where the product F, - F, 
has a minimum. Without respect to forms of E, and E,, which 
are physically possible, this may be designated as always possible. 
An n-fold reversal (7 black lines) will therefore be observed if 

0(F,F,) 
dv 


disappears (27—1) times, and if m minima and »—1 maxima occur. 

g. It is of interest to examine from the point of view of the 
above rules the forms of the energy-curves of simple lines derived 
theoretically. One example will suffice. We choose the function 
e-* as used by Lord Rayleigh’, which may for our purpose be 


written 
—kR,? A—Ao 2 
Pee ( ) 


t Kayser’s Handbuch der Spectroscopie, Bd. 2, 343. 
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when 2, denotes the center of the line. We now have 

F.F.=(B,—@ lel E,)=(aie ee Ne ae 
Therefore, in order that a reversal should be possible for the center 
of the line, E;>e’, hence a,>e”, and also a.<e 9) Fuster 
inasmuch as EF, corresponds to the higher temperature, its line 
must be the broader, hence k,?<k,?. It is evident that at the 
center of the two lines the condition 


OF) 
octane 
is fulfilled. The condition in equation (4) gives 
|F :p;| Sik ips) 
that is, since for X=A, 
ya bye 
SS kev ara ae 


In consequence of the condition 
o(F 2a ae. 
eee 
and since neither 5£,/5\ nor 6#,/6 can vanish, we have away from 
the center of the line 
bE, _F; 
SF a ee 
This condition can evidently always be satisfied if 
yn _ (Rx? tho”) Ex Es 
Ped ead eh Oat 
If we write this equation in the form 
ky? | ho® | Rx? Ra? 
E, ee AG ’ 
and recall that both EZ, and £, increase from the edge toward the 
center of the line, and further that e’’ is fixed, then we see that 
condition (1) can at most be fulfilled only once on each side of 
the line. In order to decide whether a minimum, that is, a reversal, 
can occur, we form the second derivative of F./,. Regarding the 
relation 


SFP.) _ 


Sho oe 


\ 
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this takes the value 
4(A—A,)?[e’" (Ri 4H, — kot E,)— (k++?) E,E2|>0 , 


or, with the omission of the positive factor 4(4—A,)?, 
hsSEy + hySEs > (hx? bha?)"ExEoy « 


If we introduce the value of e’’ found above, we get 


RytE,+k,tE, > (ki? +h,?) (hi? Er th2’E2) 
or 
Oo >+ (E, +E. )kyk2 5) 
which is not possible, since the right-hand member contains only 
positive quantities which cannot vanish. 

This accordingly shows that two lines of the form e~* cannot 
furnish a double reversal. Inasmuch as we may assume that 
the majority of the simple spectral lines have an approximately 
similar distribution of intensity, this explains at the same time why 
genuine double reversals are relatively so infrequent. 

to, We may convince ourselves in a geometrical manner that the 
occurrence of double reversals is favored by an intensity-curve 
for the two lines in which 6£,/6 and 6£,/6A are subject to decided 
variations. Such cases will be observed particularly when non- 
homogeneous layers of different temperatures are located one 
behind another, as in an arc-lamp burning irregularly, or in a 
Geissler tube having different diameters, the discharge being 
stratified. 

Finally, we may readily see what effect is produced if the intensity 
of E, is diminished to the p™ part, for instance by inserting a Nicol 
prism. Ifa reversal occurs without the Nicol prism at the position 


A=X,, then at that point 
OFF.) _ 


5\ Oo. 


If E, is diminished to its p part, this furnishes the condition 
E,>pe’’. Consequently the new value of £, will lie nearer to 
the center of the line if the reversal is to persist. The reversal 
therefore moves with the position of the Nicol from the edge of 
the line toward the center. 
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Minor CONTRIBUTIONS AND (NOTES 


THE INTERNATIONAL UNION FOR CO-OPERATION IN 
| SOLAR RESEARCH 


The fourth meeting of the Union was held in four formal sessions 
on the three days August 31, September 1, and September 2, 1910, 
on Mount Wilson, California, under the auspices of the Solar 
Observatory of the Carnegie Institution. The general arrange- 
ments for the sessions were made by the Executive Committee of 
the Union, Messrs. Arthur Schuster, George E. Hale, and A. 
Ricco. ‘ 

Most of those attending the meeting arrived in Pasadena on 
August 28. The Pasadena offices, laboratory, and shops of the Mt. 
Wilson Solar Observatory were inspected on the morning of August 
29. On that afternoon the members and guests were entertained at 
a garden party by Mr. and Mrs. Hale. August 30 was devoted to 
the ascent of Mount Wilson, and to the inspection of the buildings 
and instruments of the observatory. At the regular sessions on: 
the three following days no formal papers were presented, the time 
being fully occupied by committee reports and their discussion. 
An informal address was given by Mr. Hale at the opening of the 
session, in which, in addition to words of welcome, he explained 
some of the methods and results of the spectrographic, spectro- 
heliographic, and magnetic study of the sun-spots at Mount Wilson. — 
On the evening of August 31 an informal lecture on the solar con- 
stant and the recent methods for its determination was given by 
Mr. Charles G. Abbot of the Smithsonian Astrophysical Observa- 
tory. Mr. J. C. Kapteyn of Groningen, research associate of the 
Carnegie Institution, gave on the evening of September 1 an 
informal lecture on star streams among the stars of the Orion type. 

Ample opportunity was given during the three days and four 
nights spent on the mountain for the visitors to examine the instru- 
ments of the observatory while in operation, and particularly to 
view celestial objects with the five-foot reflector, with the assist- 
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ance of its constructor, Mr. G. W. Ritchey. The station of the 
Smithsonian Observatory, maintained on Mount Wilson during 
the summer season for spectrobolometric and other observations 
of the solar radiation, was also open for inspection daily. 

The members of the Union and guests were entertained at a 
final banquet given by Mr. and Mrs. Hale on the evening of Sep- 
tember 3 at Hotel Maryland, Pasadena. 

Some of the more important resolutions adopted at the meeting 
are given herewith, but this is not to be regarded as in any.sense 
an authoritative report of the meeting. The official record of 
the conference will be given in fullin the next volume of the Transac- 
tions of the Union. 

I. Resolutions adopted as reported by the committee on standards 
of wave-length: 


t. In the region of the spectrum in which three independent 
measurements, by the interferometer method, of the lines of the 
iron arc are available, i.e., between A 4282 and A 6404, the arith- 
metical mean of the three measurements shall be adopted as definite 
international standards of the second order, provided that there is 
sufficient agreement between them. 

2. The committee is given authority to publish these standards 
as soon as possible. 

3. For the part of the spectrum in the neighborhood of A 5800, 
where the number and character of the iron lines is not satisfactory, 
the committee proposes the use of barium lines as additional 
standards. 

4. The laboratories or observatories possessing first-rate con- 
cave gratings are invited to determine by interpolation, as soon as 
possible, standards of the third order in the spectrum of the iron 
arc, within the above range of the spectrum, A 4282 to A 6494. 

5. The measurement of standards of the second order shall be 
extended to shorter and longer wave-lengths, and the arithmetical 
mean of three independent determinations shall be adopted as 
secondary standards. 

6. Standards of the third order shall then be obtained in the 
manner indicated. 


t See p. 215 of this number of this Journal. 
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7, The above system of standards shall be called the interna- 
tional system, the unit on which it is based being called the inter- 
national unit (I.A.) as defined by the Conference of 1907. 

8. It is very desirable that in different laboratories possessing 
concave gratings of the first quality photographs of the arc, spark, 
and solar spectrum, and new measurements according to the inter- 
national system, shall be made as soon as possible. 


II. Committee on the measurement of solar radiation: 
The report of the committee was drafted and presented by 
Charles G. Abbot of the Smithsonian Observatory at Washington. 


III. Committee for the organization of eclipse observations: 

A brief report for the committee was presented by Comte de 
la Baume Pluvinel, referring to the two eclipses which had occurred 
since the committee was appointed. Additional remarks on the 
eclipse expedition to Flint Island were made by W. W. Campbell of 
the Lick Observatory, who also exhibited photographs obtained 
by expeditions from the Lick Observatory at this and other eclipses. 


IV. Committee on the determination of solar rotation by means 
of the displacement of lines: 

The report was presented by Walter S. Adams of the Mount 
Wilson Solar Observatory. 

The committee recommended that a larger number of lines be 
employed, both of the same elements and of different elements. 
Different parts of the spectrum were assigned to the various 
observers, and it was recommended that one portion of the 
spectrum be observed in common by all taking part in the work. 


V. Committee on work with the spectroheliograph: 

The report was presented by Edwin B. Frost of the Yer 
Observatory. ‘The resolutions suggested by the committee were 
adopted. 

Supplementary reports of work accomplished were presented 
from the observatories of Meudon, Catania, Tortosa, the Yerkes 
Observatory, and the Solar Physics Observatory in London, which 
included the work of the Kodaikanal Observatory. 

After a general discussion at the final session it was 

VoTED that the Union extend its activity so as to include general 
astrophysics. 
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VoTED that a committee be elected to consider and report on 
the question of the classification of stellar spectra. 

This committee was subsequently elected by the members 
present, and was organized with Edward C. Pickering as chairman, 
and Frank Schlesinger of the Allegheny Observatory as secretary. 

VoTED that the next meeting of the Union be held at Bonn in 
the summer of 1913, the exact date to be determined later. 

The various committees of the Union were elected, with some 
additions and changes, and the two retiring members of the Execu- 
tive Committee were re-elected. 

The following list contains the names of most of the members 
of the Union and guests present at this meeting. F. 
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THE DISPERSION OF METALS IN THE INFRA-RED 
SPECTRUM 
By L. R. INGERSOLL 


INTRODUCTION 


This paper presents the results of an experimental study* of 
the optical constants of a number of metals, particularly in the 
region of the infra-red spectrum. 

Considerable interest has been manifested in the optical proper- 
ties of metals during the last two or three decades, as is evidenced 
by the large amount of work in this field. With the exception of 
the striking experiments of Kundt? and others on thin prismatic 
metal films, these properties have generally been determined by the 
less direct but more accurate method of studying the character of 
polarization of the reflected light when plane-polarized light is 
incident on a clean and highly polished surface of the metal at a 
large angle of incidence. 

Prominent among the many investigations in this field stands 
the work of P. Drude? who made a very careful study of the optical 
constants of a large number of metals, chiefly for the wave-length 
of sodium light. R.S. Minor,‘ following the photographic method 
due to W. Voigt, measured the dispersion of several metals for 


« This work has been materially aided by grants from the Rumford fund of the 
American Academy of Arts and Sciences. 


2 Wiedemann’s Annalen, 34, 469, 1888. 
3 [bid., 39, 481, 1890; 42, 186, 1891; 64, 159, 1808. 
4 Annalen der Physik, 10, 581, 1903. 
5 Physikalische Zeitschrift, 2, 303, 1901. 
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the greater part the visible spectrum and extended the work into 
the ultra-violet with interesting results. Quite recently A. Q. 
Tool has measured the dispersion of several metals for the visible 
spectrum, as has also A. L. Bernoulli.? The latter’s method, 
however, has been somewhat criticized by Voigt. 

In the region of the infra-red, on the other hand, practically 
nothing has heretofore been done. It is true that H. Knoblauch‘ 
showed some thirty years ago that effects of elliptical polarization 
could be obtained by reflecting “‘heat rays’’ from a metal surface 
and that he was even able to conclude that the principal angle of 
incidence is greater in this region than in the visible spectrum; 
but he made no attempt at a study of the effect for particular 
wave-lengths, and his lack of agreement in the case of observations 
in the visible spectrum with now accepted values shows that his 
metal surfaces must have been far from the “‘normal”’ state. 

A study of this problem was undertaken as being part of the 
general field of work in which the writer has been engaged for 
several years, viz., the extension into the infra-red spectrum of our 
knowledge of various optical phenomena which depend on polari- 
zation effects, e.g., magnetic rotation, optical constants, etc. In 
the present case measurements have been made as far into the 
infra-red as A=2.25 » and these, when combined with the results 
of other observers, give the dispersion of a number of the more 
common metals from the ultra-violet to this wave-length of the 
infra-red spectrum. ? 


METHOD 


As is well known, two constants are required to characterize 
a metal optically—n the refractive index, and k the absorption 
index. When plane-polarized light is allowed to fall on a polished 
metal surface it is in general reduced to a state of elliptical polar- 
ization because of the relative phase change introduced between 
the two rectangular components vibrating in and perpendicular 

™ Physical Review, 31, 1, 191C. 

2 Annalen der Physik, 29, 585, 1909; 33, 209, 1910. 

3 Ibid., 29, 956, 1909. 


4 Festschr. d. naturf. Ges. zu Halle, 1879; Nova Acta d. kaiserl. Leop. Carol. deutsch. 
Ak. d. Naturf., 50, 487, 1887. - 
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to the plane of incidence. Fora certain angle of incidence ¢ (princi- 
pal incidence), this phase change is 90°, and if the plane-polarized 
incident beam has a certain azimuth ¥ (principal azimuth), a 
circularly polarized beam will result. The constants 2 and kt 
are connected with these angles by the familiar approximation 
equations 
sin ¢ tan ¢ 

= (1) 

ae 

The usual method of determining these constants has been 
through the analysis of the reflected elliptical vibration by measur- 
ing the phase-change which must be introduced to reduce it again 
to a state of plane polarization, as may be done with some such in- 
strument as a Babinet compensator. In the present case it was 
believed that the principle of the compensator would be difficult 
of application in the infra-red, so a somewhat different scheme was 
developed as will be described. | 

In principle the method is extremely simple. A circularly 
polarized beam of light is to be distinguished from elliptical by the 
fact that components of the former taken in any azimuth will all 
be equal. Such components may be taken by measuring the 
intensity (or rather amplitude) of the beam after passage through 
_any polarizing agent, e.g., a nicol. When, for any particular 
wave-length, the azimuth of the plane-polarized incident beam as 
well as its angle of incidence has been adjusted until all such 
components are found equal, that is, until the reflected beam is 
circularly polarized, then these angles are the principal azimuth 
and incidence respectively, and the optical constants are ea 
from them by the foregoing relations. 

The use of a nicol in this connection, however, ear entail 
certain difficulties which may be overcome if it be replaced by a 
double-image prism. For this prism gives in its two transmitted 


k= tan 2; 


The constant 2 has the same meaning as for transparent substances. The 
constant k has the following significance: —The amplitude of a wave after traveling 
one wave-length, \’ measured in the metal, is reduced in the ratio 1 : e—27%, or, more 
generally, for any distance d in the metal the amplitude is reduced by the factor 


I es ‘ i 
ote For the same wave-length measured in air, this factor would be fac ees 

rn’ A 
The product 2k is sometimes called the extinction coefficient. 


268 L. R. INGERSOLL 


beams two rectangular components of the incident vibration, and 
when these components are equal—regardless of how the prism 
is rotated about the axis of this beam—then the beam is circularly 
polarized, granted that it is not entirely unpolarized. The neces- 
sity for rotating the double-image prism relative to the beam is 
readily seen, since it is evident that an elliptical or even plane- 
polarized vibration would possess equal components for certain azi- 
muths, but only a circular one, equal components for all azimuths. 


APPARATUS 


The general arrangement of apparatus is shown in the diagram 
of Fig. 1 and the photograph, Fig, 2, the lettering being arranged 
to correspond in the two cases. Light from a water-jacketed 
Nernst glower G,, after being rendered parallel by the concave 
mirror M,, was plane polarized by P, and then fell on S, the metallic 
surface to be studied. The angle of incidence on S could be varied 
at will, since the glower, mirror, and polarizer were mounted on 
an arm which rotated around the axis xx’. The beam reflected 
from S would in general be elliptically polarized, but was reduced 
on passing through the double-image prism P, (P; being removed) 
to two rectangular components with a small angle of divergence 
between them. Because of this angle of divergence there were 
formed on the slit S/, on reflection from the concave mirror M,, 
two images of the glower vertically separated from each other 
by about one centimeter. Consequently on passage through 
the spectrometer two spectra were formed and these fell on the 
two strips of a special bolometer which had strips vertically over 
one another and so connected that when they were illuminated 
by beams of equal intensity no deflection of the galvanometer 
resulted. 

The principle of operation in brief was so to determine the angle 
of incidence and azimuth of the plane-polarized beam falling on S 
that a truly circular vibration should result. The angle of incidence 
could be changed, as already noted, by turning the polarizing 
part of the apparatus about the axis «x’, while the azimuth was 
altered by rotating the polarizer in its mounting. The circularly 
polarized beam was recognized as such by the equal intensity of the 
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two beams from the analyzer; that is, by the fact that the galvan- 
ometer showed no deflection, the spectrometer being set for some 
chosen wave-length. But, as before stated, to be sure the vibra- 
tion is circular it must be possible to rotate the analyzer relative 
to the beam. ‘This would apparently be a very simple thing to do 
until it is considered that this would result in displacing the two 
images of the glower, i.e., the foci of the two beams, off the slit. 
To avoid this and still accomplish the purpose, the entire polarizing 
part of the apparatus, including the metal surface (but excluding 
the analyzer), was arranged so that it could be rotated about a 
horizontal axis yy’. In the photograph it is shown as turned about 
twenty degrees to the right from its vertical or zero position. 

The spectrobolometric part of the apparatus was that already 
used by the writer in a study of magnetic rotation, and for a detailed 
description of the spectrometer, bolometer, and galvanometer the 
reader is referred to this paper.’ Suffice it to say here that the 
spectrometer might be used with either of two large glass prisms 
of angles 25° and 45° and of such dispersive powers that the latter 
gave a spectrum of some two or three times the breadth of the 
former; the use of these two prisms will be discussed in connection 
with sources of error. It may be noted that the use of a prism of 
glass rather than of rock salt was permissible, since the limit of 
the spectral range to which it is possible to work is fixed by the 
absorption of the calcite of the polarizing apparatus, which is 
about the same as that of glass. 

The bolometer strips were each } mmX8 mm and, as already 
noted, so arranged that when both were exposed to beams of 
equal intensity the galvanometer showed no deflection. The 
galvanometer itself was of the Thomson type with a sensibility 
of about 5X10~*° amperes per mm for a scale one meter distant. 
The magnetic shield which surrounded it gave a shielding effect 
of about six thousand fold. 

Polarizing agents ——For this purpose double-image prisms were 
exclusively used. The reason for using one as an analyzer has 
already been discussed, but it is not evident without explanation 
why one would also serve as polarizer, since here only a single beam 


t Phil. Mag. (6), 18, 74-102, July 1909. 
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of plane-polarized light was wanted. But the single beam was readily 
secured from the double-image polarizer, as one of the two beams 
was deviated so as to miss the slit entirely and hence be of no 
effect. The practical reasons for using a double-image prism 
instead of a nicol in this connection were the smaller thickness of 
glass and calcite necessary, and the ease of securing a larger aper- 
ture. 

The polarizer P,; was of the Rochon type, of calcite achromatized 
with glass, giving a separation of the two beams of about 1°. It 
was of about 4o mm aperture. The analyzer P, was a large Wollas- 
ton prism of 48 mm aperture of such angle as to give a separation 
of 2°25 between the two rays. A third prism P, was also used in 
the latter part of the work in a way which will be mentioned in a 
discussion of errors. The three prisms were splendid specimens 
of optical work, having been specially made by Messrs. Steeg and 
Reuter. 7 

Other instrumental details may briefly be mentioned. Mirrors _ 
M, and M, were of 10cm aperture and 30cm focal length each; 
M, and M, of 8 cm aperture and of 23 cm and 30cm focal length 
respectively. It was found necessary to surround the glower G,; 
with a jacket to secure constancy of radiation, and the jacket 
itself had to be water-cooled to keep down its own radiation. The 
polarizer P; was mounted in a large conical brass bearing carrying 
a divided circle with vernier reading to 2’. This was accordingly 
the limit of accuracy for reading azimuths. The glower, mirror, 
and polarizer were carried on a large arm which could be rotated 
about the axis xx’ by rack and pinion and could also be rigidly 
locked at any angle. The main circle about this axis was divided 
to half-degrees and carried a vernier reading to 1’, whence the 
angle of incidence was determinate to 0/5. The metallic surface 
S was mounted on an adjustable table pivoted about this same 
axis. A rough circle C at the end y’ sufficed to give the angle 
about the axis yy’. 


PROCESS OF MAKING OBSERVATIONS 


That one may understand the conditions which make for accu- 
racy as well as for error in the results, the process of measuring 
optical constants must be described in some detail. Let it be 
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supposed that the apparatus, including the spectrometer, had been 
carefully aligned and adjusted and that the polarizer was turned 
so that its principal plane made an angle of 45° with each of the two 
planes of the analyzer. Then the vibration transmitted by the 
polarizer should have had the same component in each of the 
analyzer sections, hence if the galvanometer did not. stand at 
zero (that is, show equal intensity of radiation on each bolometer 
strip) it would be because of unequal absorption of the two 
beams on their subsequent passage through the spectrometer. 
This was corrected for by screening off a small fraction of one 
or the other image as it fell on the slit, by a little device’ which 
moved directly across and in front of the slit on a screw. 
This was turned until the deflection was zero and then one might 
be assured that, when in the analysis of any sort of vibration, the 
deflection reduced to zero, the two components of the vibration 
were equal. This process may be referred to as that of ‘setting 
the bolometer zero.” 

Having made this preliminary adjustment with the spectrome- 
ter set for any chosen wave-length, the metallic surface was put 
in place and an angle of incidence chosen which was thought to be 
near the principal incidence. The azimuth of the polarizer was 
then varied till the galvanometer regained its zero position, 
indicating the equality of the two reflected components. 

In general, however, this would not mean a truly circular 
vibration but rather an elliptical one, so oriented that it gave 
equal components.? To detect this the polarizing arrangement 
including the metallic surface was rotated 45° about the axis of the 
beam yy’ first to the right and then to the left, and an elliptical 
vibration would be shown by the corresponding galvanometer 
deflection, which would be first to the one side and then to the 
other, respectively. Having noted these deflections, a second setting 
of the angle of incidence and its corresponding azimuth was made, 
and usually a third setting could be chosen so well as to produce 
an almost exactly circular vibration. In that case the azimuth and 

tSee Phil. Mag. (6), 18, 81, July 1909. 

2 For a further discussion of this point see a paper by Mr. Littleton and the writer 


in Physical Review, November 1910, on the application of this method in a visual 
polarimeter. 
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incidence would be the principal azimuth and incidence respectively. 
A second determination of the azimuth in another quadrant of the 
polarizer should yield the same result. If it did not, it meant 
that the zero point for measurements of the rotation about the 
axis yy’ was at fault. This was located by a stop which had to 
be occasionally adjusted. In general a careful determination of 
the principal angles for any one wave-length could be made in 
fifteen or twenty minutes. 
ERRORS 


The following sources of error have been studied: 

Use of approximation equations -—When a method of measuring 
optical constants—e.g., Babinet compensator—affords a direct 
determination of the phase difference between the two components 
of vibration for any angle of incidence, rigorous equations for com- 
puting the constants are available. On the other hand when, as 
in many cases including the present, only the principal angles are 
directly measured, the rigorous equations are not directly applicable 
and the approximation relations (1) are those in general use. 
These may result in an error of several per cent in the constants, 
but fortunately this can be almost entirely eliminated by the use 
of a sort of correction factor,’ a simple’function of the square of 
the cotangent of the principal incidence, which is applied as 
follows: 

If we call the values of the constants computed by (1) 


_ sin ¢ tan 

V i+ 
then values and k which are much more nearly correct are given 
by 


k'=tan 2, and n’ 


k=k'(1—cot?$), and n=n'(1+4 cot?#) (2) 

- These equations (2) have been tested by applying them in con- 

nection with (1) to a number of the principal angles listed by 

Drude and Minor. The results afforded were in general in good 
agreement with their tabulated values of the constants. 

Condition of surfaces—The various precautions to avoid films, 

which were taken in the preparation and cleaning of the surfaces, 

*P. Drude, Annalen der Physik, 36, 546, 1889. 
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_ will be considered in a discussion of the results, but the degree of 
success in obtaining perfect surfaces may be mentioned here. 
When the dispersion curves obtained for the various metals were 
extrapolated from A=o0.65 ” back to the wave-length of sodium 
light the values they afforded of the constants were, with one or 
two exceptions, in sufficiently good agreement with the accepted 
values for these metals to warrant considering the surfaces in the 
normal condition. In the case of steel, however, all the surfaces 
gave values of the principal incidence from 20’ to 1° too small. 
This pointed very clearly to surface imperfections or films, and 
while they could not be entirely eliminated they were readily 
allowed for by adding a small correction to the principal incidence 
as measured. The results for the several steel surfaces were in 
much better agreement for the longer wave-lengths than for the 
shorter, hence this correction was reduced from about 20’ at 
A=0.65 # to only 8’ at A=2u. This is much smaller than the 
correction made by Minor to his measurements on cobalt. 

Low dispersion.—Since an error might be expected to arise from 
the low dispersion of the 25° prism, a large number of the measure- 
ments were repeated using the 45° prism of heavy glass giving a 
spectrum of perhaps three times the dispersion. No appreciable 
discrepancy between the two sets of results could be detected. 
_ The wave-length scale for both prisms was determined by double 
dispersion with the aid of a second prism of rock salt. It was also 
checked by locating the absorption bands in sunlight. 
Azimuth determinations.—The consistency of successive inci- 
dence and azimuth settings was remarkable. Under favorable 
conditions indeed it was apparently limited only by the accuracy 
with which the circles could be read. That is, a very small change 
(much smaller, for certain reasons than could even be detected 
on the circles) could be measured, and on this account some experi- 
ments will shortly be carried out with this apparatus with the view 
of detecting any possible change in the constants which may be 
brought about by giving the metallic surface an electric charge, 
i.e., by adding to its number of electrons. As it is believed that 
its sensibility in the detection of such an effect can be made from 
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ten to one hundred times greater than that possible with visual | 
methods, the experiment seems worth trying. 

In the matter of absolute determinations of the constants, 
however, the possible accuracy is very much less than would be 
concluded from the above discussion, for successive measurements 
with intervening changes in the adjustment of the apparatus do 
not show any such consistency. Rather curiously perhaps, the 
error seems to be confined almost entirely to principal azimuth 
determinations and. for only the longer wave-lengths. Some 
specific results will illustrate this point: thus for nickel at A=1.75 4 
three principal incidence measurements made under as many 
different instrumental arrangements and adjustments gave 83° 20’, 
83° 26’, and 83° 25’, while four corresponding principal azimuth de- 
terminations: were 32° 33’, 34 3°, 33 27, and 32 51 suet. 
other hand, for A=o.65 » the principal incidences as found were 
77° 30’, 44° 48’, and 747° 47’, while thé azimuths camé 43 a8 
32°20); 2 2°0Ab, Pentlas sues ae 

These results, which are very fair samples of those obtained 
for any metal, show at once that the error is confined to the azimuth 
determinations and is of a serious nature only for the longer wave- 
lengths. ‘The limits of error, however, are not quite as great as 
these figures would cause one to conclude, for, in the case of the 
latter two of the four azimuths listed for each wave-length, an 
important modification was adopted in the method of setting the 
bolometer zero. This involved the introduction of a third double- 
image prism P, with its planes set at 45° to those of the analyzer P,. 
This was mounted so that it could be temporarily turned into 
position in front of P, and removed as soon as the bolometer zero 
had been set. Before the introduction of this third prism the 
azimuth determinations had been found to depend in some measure 
on a number of apparently extraneous conditions such as the shape 
and size of the aperture limiting the beam, the condition of the 
Nernst glower, etc. But by its use these effects were almost entirely 
removed, hence the last two azimuth measurements have greater 
weight than the others. But even at best the accurate determina- 
tion of principal azimuths for wave-lengths about 1.75 » or longer 
is extremely difficult, since for these longer waves conditions are 
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complicated by a dispersive effect arising from the polarizing 
agents. Until an extensive study can be undertaken of these 
various effects it must suffice to accept the most probable values 
and to estimate the limits of error involved. 

One other source of error in the azimuth measurements has been 
considered. Because of the length of glower and image necessary 
to get sufficient energy the radiation was incident on the metal 
surface over a range of angle of about 1°, but careful tests of this 
source of error indicate that it is negligible in comparison with that 
just mentioned. 

Visual measurements with a Babinet compensator, using sodium 
light, were made on the steel, nickel, cobalt, and silicon surfaces. 
The principal azimuths agreed in most cases very well with the 
points taken from the extrapolated infra-red curve, but the princi- 
pal incidences came a few minutes low. This might perhaps be 
interpreted as meaning that the method yields slightly too high 
results for the principal incidence, although the measurements 
on silicon would not bear out this conclusion; but in any event, 
since the tendency of any surface impurities is to reduce the princi- 
pal incidence, this error is in a measure self-eliminating. 

The effect of these sources of error on the final results has been 
carefully considered and an estimate of the probable limits of 
error is included with each set of results. In the case of steel, 
nickel, and cobalt it will be observed that the limits of error are 
not much larger, save in the case of the longer waves, than might 
reasonably be expected for visual observations. For copper and 
silver, however, the limits are large, for the azimuths are so nearly 
45° that the effects of small errors are greatly magnified. 


RESULTS 


Six different metals were tested in all, viz., steel, nickel, cobalt, 
silver, copper, and silicon. This includes the four used by Minor 
and in addition nickel and silicon. Although the latter has small 
claim to being considered a metal in this connection, the results 
are not without interest. 

Surfaces.—As might be anticipated, one of the greatest dif- 
ficulties encountered was the securing of suitably polished sur- 


278 L. R. INGERSOLL 


faces. It may be observed that the present requirements in the 
way of a plane and polished surface were considerably more rigorous 
and difficult of fulfilment than if the work had been confined to the 
visible spectrum. For visual observations can be made on a surface 
of only a few square millimeters in area and of only the roughest 
approximation to planeness, while in the present infra-red work 
the accuracy of the measurements was largely dependent on the 
area of surface available, and this surface had to be plane to a few 
wave-lengths of light. 

After discouraging experiences with some of the best optical 
workers, some very fair surfaces were prepared in this laboratory 
with a deal of difficulty; later, two or three very excellent surfaces 
were polished by Zeiss. A detailed description of the specimens 
tested will be given in connection with the specific results, but some 
general considerations applying to all may be mentioned here. 

Even after a comparatively perfect surface of any particular 
metal had been obtained, the values of the constants it afforded 
still depended to some extent on the manner in which it had been 
cleaned. It is usually considered allowable to clean such a surface 
with absorbent cotton and alcohol, but it was found that even with 
the purest alcohol obtainable and with the least possible rubbing 
with cotton, indications -of surface films were still sometimes 
obtained, and in the case of steel the best results were obtained 
just after polishing with rouge on dry chamois skin and without 
further cleaning. 

Purity.—From what has been said it will be granted that the 
prime factor in such work as this is the condition of the surface, 
and this overshadows in importance even the question of the purity 
of the metal itself. Every effort was made, however, to secure 
specimens as pure as possible. The copper and silicon were each 
of tested purity 99.8 per cent or better. The silver, which was 
deposited chemically, was probably not as pure as this, while the 
steel specimens were of high-grade tool steels, but of unknown 
purity. The cobalt and nickel were from sheet material from 
Kahlbaum. While they were the best obtainable in this form, 
chemical tests indicated the presence of perhaps 2 per cent of 
cobalt in the nickel, and probably there was at least as much nickel 
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in the cobalt. It is very likely, however, that they were of the 
same order of purity as the specimens of these metals tested by 
Drude, Minor, and others. 

Determinations to the number of many hundred have been made 
of the principal angles of the various metals, and for upward of 
twenty wave-lengths, but after it was found that the dispersion- 
curves were quite regular in form, it was thought best to concentrate 
the efforts on measurements for only a few wave-lengths, with the 
view of determining the constants for these points as accurately 
as possible. Nine points in the spectrum, ranging from A=o0.65 » 
to 2.25 #, were accordingly chosen and repeated determinations 
made for these wave-lengths. Later this number was reduced 
to only five, viz.. A=0.65 4; 0:87 @; 1.25 Ms 1.75 Mh; 2.25 pM: 
The final and presumably most accurate measurements were made 
for these wave-lengths only. Also since it was found that the use 
of the 25° prism, in spite of its low dispersion, led to no appreciable 
error, it was used almost exclusively, thereby furnishing more 
energy in the spectrum and hence allowing more accurate measure- 
ments. | 

The results of the present work listed in the tables have been 
arrived at as follows: All the worthy determinations of the principal 
angles for any given metal were plotted with wave-length. The 
best average curves were then drawn and the angles given in 
the first two columns were taken from these curves; the constants 
were computed from these angles in the way already described. 

To give a general survey of the whole spectral region which has 
been studied to date in the case of metals, some of the results 
of Minor and others have been included in the tables and curves. 
Following the practice of Drude, the results are expressed in 
general to only two decimals, as the discrepancies between differ- 
ent observers extend into even the first decimal place. For pur- 
poses of comparison with the theoretical reflecting powers as 
computed from these constants, the measurements of Hagen and 
Rubens’ on reflecting powers of metals are also listed. 

Steel—Five surfaces of tool steel were experimented upon. 
Four of these ranging in size from 2 cmX2 cm to 3 cmX7 cm were 


t Annalen der Physik, 8, 1, 1902; see also Phil. Mag. (6), '7, 162, 1904. 
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polished in this laboratory. The method used on the larger 
pieces was to polish dry on graded emery paper, finishing with wet 
rouge on a pitch tool in a polishing machine. Others were ground 
with graded carborundum on a wet lead plate and finished with 
rouge on pitch. A surface by Zeiss 2 cmX4 cm was also available 
through the kindness of Professor Minor. This was the one 
used by him in his measurements on steel, but unfortunately it 
was not in as perfect condition as originally. The various sur- 
faces gave results in fairly good agreement, especially for the longer 
wave-lengths, but the principal incidences were all slightly too 
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Fic. 3.—Curves showing the dispersion of steel 


low for the shorter wave-lengths (in comparison with the values of 
Drude and others), necessitating a small correction as explained 
in a consideration of the sources of error. 

The results are contained in Table I and are shown graphically 
in the curves of Fig. 3. The best estimate it is possible to make 
of the limits of error places them at perhaps +0.07 at A=0.65 m, 
increasing gradually to +0.20 at 2.25 @. ‘This is for the refractive 
index u; the corresponding limits for k are +0.03 and +o.10. In 
addition to Hagen and Rubens’ reflecting powers a measurement 
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by Trowbridge on the reflecting power of iron for 2.00 » is included. 
It may be observed that in this as well as in succeeding tables it has 
been frequently necessary to interpolate the Hagen and Rubens 
determinations to secure data for the particular wave-lengths 
here used. 


TABLE I 
STEEL 
E - age R 
oN b Vi n k nk Authority | (Com- Gees 
| puted) Rubens) 
©.226@ | 66°s1’| 28°r7’| 1.30 | 1.26 1.64 | Minor S440 Tons aoe 
257 68 35 | 28 45 1.38 Tess 1.86 | Minor 39.6 33.0% 
325 6o°57 | 39 9 oe .53 2.09 | Minor 44.8 40.3 
400 73,39 | 30 16 1.68 I £62 a. 72 Minor 53-9 49.6 
420 74 9 | 29 48 £70 Les7 2,82 \*Tool Oy ot Chae 
450 74 48 | 29 36 1.88 Lec ie PRs Minor ee 54-4 
500 PASAT 20 2 2.09 1.50 3.14 | Minor 56.9 54.8 
550 70-3541 26.18 2 3t 1.43 3.30 | Minor Sy 54.9 
560 wy 20) | -27 024 2.40 rv34 CT Tool SOgr 55.0 
589 ie 4 a7As | 2.48 1.38 3.43. | Minor 58.4 55-3 
580 we eteh ey. AO 2.41 225 3.40 | Drude 58.5 ee 
650 FAS | oF G 2.70 12:33 3.59 | Ingersoll} 59.2 56.8 
700 77°20) 2036 2.93 e27 3.47. | Tool 58.0 5x20 
750 Te 265027 (8). 2.86 T2393 3.80 | Ingersoll} 61.2 58.0 
870 ao 0. 27.46 1 -3..02 1335 4.08 | Ingersoll] 63.2 59.4 
1.00 oR) Ry ee a a SA 1.30 4.43 | Ingersoll} 65.5 63.1 
36 Bo. 65-128. 15 3.45 1.47 5.08 | Ingersoll] 69.7 68.8 
1.50 81 48 | 28 51 | 3.71 ts6 a6 | Ingersoll| 73.1 70.8 
r.75 22°20 129 28 | 93.83 1:63 6,32 | Ingersoll} 75.6 ote 
2.00 Ba Keo \igo, 2-1 ~ 4.02 1.71 6.88 | Ingersoll} 77.7 ieee 
2.25 83°22 1-30 36] 4.14 1.79 7.41 Ingersoll} 79.7 28 


*See paper by A. Trowbridge, Wiedemann’s Annalen, 65, 595, 1808. 


Cobalt.—The results are shown in Table II and Fig. 4. They 
were obtained with a surface 5 cm in diameter polished by Zeiss. 
The quality of the surface was very good indeed, as it contained 
only one or two small imperfections and showed a brilliant mirror- 
like polish without scratches. The estimated limits of error are, — 
for n, from +0.03 at A=0.650 #@ to £0.26 at 2.25. The corre- 
sponding limits for k are =o.02 and +£0.00. 
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TABLE II 
COBALT 
N w nN k nk Authority (C ere d) 
O.231 64° 31 29° 39/ i. 10 1.30 LTA Minor cee Ry 
275 WOU22 29 59 Leth Leo 2.14 | Minor 45.7 
.347 72°30 BOnzo 1.54 1.61 ye Gs Minor 7g 
N205 74 15 31 20 LV 03 1.79 2.91 Minor Lt Py 
.440 Wears 214s 1.70 a7 Cee Tool 61% 
.450 76 8 05g 1.79 I.QI 3.A2 Minor Ok} 
. 500 no Oe Bias L703 E03 ae Minor 65.5 
.550 WT AO 31 43 eg eis L.OF 3.90 Minor 66.6 
“ROO nT 20 Ueee: 2.00 te aaa Tool O53 
. 589 ree 31 40 2.12 I.9o 4.04 Drude 675 
.650 faye: aI9g5 re 1.87 4.40 Ingersoll | 69.2 
.680 79 12 30 45 2.55 1 ee i) 4.44 Tool 68.7 
.750 Go sae 30 48 Pape a 1.79 4.85 Ingersoll| 71.0 
870 8r 4 SAO 3.18 1.69 5.37 Ingersoll} 72.5 
1.00 81 45 20.420 203 1.58 578 Ingersoll! 73.3 
25 82 44 27 130 4.50 I.40 6.30 Ingersoll} 74.3 
i .50 BanSE 26 18 eee ¥.20 6.73 Ingersoll) 75.1 
Lions 83 33 pe Fa) iste 1224 6.81 Ingersoll| 75.1 
2.00 83 41 25 30 5.65 £23 6.05 Ingersoll) 75.7 
22% 83 48 20 Ws 5.65 127 7.18 Ingersoll} 76.5 


Nickel.—The best nickel surface used was one polished by 
Zeiss, quite similar to the cobalt surface. 
from =+0.04 at A=o.650 to +0.26 at 2.25 », for m; and irom 
£6700 1012015 10bee. 


TABLE III 
NICKEL 
rN o w n k nk 
0.490 B | 92 20) 21° Aa) Tax 1.79 2.53 
.436 ACK ee ee 1.74 1.89 3.26 
-492 75 49 |} 31 20 1.74 1.93 3-37 
500 TA 20 | 22s to 54 e095 2.07 
.578 70: ON 231.40 ee is 1.99 3.48 
. 589 VOser ata t 1.79 1.86 Soa 
.615 76 48 | 3I 49 1.85 2.01 Re 
-650 77.359) 32 SS cie eink 2.06 3-93 
700 (ihe tel, Mee Oe 2.02 1.96 3.98 
.750 7845 1) 32-6 2.19 I.99 4.36 
.870 70 Ada | 3h, SI 2.45 1.96 4.80 
I.00 SO “334-3012 2403 2.00 5.26 
P25 SI AT ur s2nar 2.02 Paes a Ons 
I.50 82 42 |) 2758 Beak 2256 7.00 
r.75 83°22 "| 23510 345 2225 73 70 
2.00 SPER 28 284 ee yao aay 8.54 
2.25 84 21 | 33 30 | 3.95 2.33 g.20 


The limits of error run 
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Authority (Com- 

puted) 
Tool 52 
Bernoulli) 61.9 
Bernoulli) 63.1 
Tool 50.7 
Bernoulli} 64.4 
Drude 62.0 
Bernoulli) 66.3 
Ingersoll; 67.8 
Tool 67.6 
Ingersoll} 69.6 
Ingersoll} 71.7 
Ingersoll| 74.1 
Ingersoll} 78.0 
Ingersoll! 80.6 
Ingersoll; 82.7 
Ingersoll| 84.4 
Ingersoll! 85.3 
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Silver.—Because of the great effect of a small error in azimuth 
(this being so nearly 45°), this was perhaps the hardest metal to 
test. A considerable area of plane surface was required, and, every- 
thing considered, it was thought best to use for this purpose a 
chemically silvered glass plate. For while it is known that silver 
in this form will not yield results absolutely identical with those 
obtained with surfaces on the massive metal, such errors are small 
compared with the necessary experimental errors in this case. 
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Fic. 6.—Curves showing the dispersion of silver 


Accordingly a piece of plate glass, 6 cmX ro cm, of tested planeness, 
was silvered by the Brashear process and polished with rouge 
on chamois. The measurements were made immediately after 
polishing. 

For purposes of comparison the values of 2k obtained by Hagen 
and Rubens" are included, the figures for these particular wave- 
lengths having been necessarily interpolated in many cases. The 
agreement is fairly good and probably well within the limits of 
error which are very large in this case, especially for the longer 
wave-lengths, because, as noted above, of the great effect of small 


*Annalen der Physik (4), 8, 432, 1902. 
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errors in the azimuth determinations. They run from 0.03 at 
A=0.650 to 0.40 at 2.25 for nm; and for k from +4.0 to 
probably 10.0 (i.e., 50 per cent). 


TABLE IV 
SILVER 

R Hagen and 

= Be : (Com- Rubens’Observed 
PN ob Ww n k nk Authority puted) Values 

nk R 

0.226 w | 62°41’| 22°16'| r.4r 0.75 | 1.11 | Minor 18.4% poh ae 
293 G3 4 19 F8° S60 ors 57 0.62 | 0.97 | Minor 16775 \. 95-1) 1500 
316 oo oy hese sl, 23 0.38 | 0.43 | Minor 4.2 0:45 4.2 
332 Pie ae ey i a 1.61 | 0.65 | Minor APcSe Olesen § 
395 66°36, 1. a3 OG) oo. 158.1 12.32 | tor’? Minor 87.1 1.94 | 83.4 
500 72 31 | 43 29 | 0.169 | 17.14 | 2.94 | Minor 03«2 A 3.sr | ors 
589 75 35 | 43 47 | 0.177 | 20.55 | 3.64 | Minor | 95.0 | 4.12 | 92.7 
650 77°35 | 44 2) 0.154 | 28.2. | 4.34 | Ingersoll) 96.9 | 4.77 | 95.7 
750 79 26 | 44 6 | 0.168 | 30.7 | 5.16 | Ingersoll} 97.4 | 5.85 | 96.6 
870 | 80 54 | 44 4 | 0.203 | 29.9 | 6.07 | Ingersoll] 97.8 | 6.76 | 97.2 
1.00 St Oenks 2710.24 12950. -16.96.} Ingersoll} 908.1 }-8.0. | 97.5 
tis S% 40 4) 43°50 || 0.37 24.1 | 8.88 | Ingersoll} 98.2 |10.7 | 97.7 
1.50 84 42 | 43 48 | 0.45 23.7 |10.7 | Ingersoll] 98.4 |12.4 | 97.9 

1.75 85 24 | 43 44 | 0.55 22.4 |12.3 | Ingersoll} 98.5 site 
2.00 85 55 | 43 36 | 0.68 20.3 |13.7 | Ingersoll} 98.5 97.8 

2.25 | 86 18 | 43 34 | 0.77 19.9 |15.4 | Ingersoll} 98.6 ee 


Copper.—The copper surface was polished by Zeiss on a 5 cm 
plate of electrolytic copper of great purity. While probably the best 
which could be produced, at least on this specimen, the polish was 
far from good. To improve this and to remove the small amount 
of oxidation which had formed since it had been finished, it became 
necessary to “‘buff”’ the surface to produce a polish which would 
yield optical constants in even fair agreement with accepted values. 
This fact, together with the large azimuth afforded by copper and 
its consequent attendant errors, renders the results obtained with 
this metal the least satisfactory of any. ‘The limits of errorare 
from 30 per cent to 50 per cent of the results themselves, i.e., for 
nm from +0.15 to +o.35, and for k from +2.5 to +5.0. Both 
for silver and copper the figures for wave-length greater than say 
1.5 can be considered only as indicative of the general trend 
of the curves. 
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TABLE V 
COPPER 
R R 
PN ¢ w n k nk ° | Authority (Com- io 
puted) Rubens) 
OL23L 05°57 1900 14 eles 1.05 1.45 | Minor 29.6%) “hers 
347 65 *560 4 281165) eet £623 1.47 | Minor 31.5 26.4% 
450 60 41+) 32.30 Este 1.90 2.1% | Minor 5005 RIS 
460 FO.30 Mp aa.as Leis 1.93 2528 “le lool 529 30% 3 
. 500 “O7AA | 22. AO BRILL oiO ree 2.34 | Minor 5S oe A507 
580 "I> SA) 2Qures 0.62 4.26 2.63 | Minor Ack 64.0 
.650 74. 10,1" 40 309-6 O- AA Rey ae 3.26 | Ingersoll} 86.2 80.0 
.660 760 12 4040 24 | 10.65 5.9% 2578-1 “Teol 84.6 80.7 
.870 48. AO 142.40) 235 ie 3.85 | Ingersoll} o1.5 89.0 
1.25 82 cI4 i 42.G01 0 POes0 130 7.28. | Ingersoll] 95.8 93.6 
Fo75 84.514 i ees Ones ied 9.46 | Ingersoll] 96.4 Rey 
2.25 peas Me aay bee ae | ore es IL.4 1317 Ingersoll| 97.1 96.0 


Silicon.—The silicon was in the form of a plate of perhaps 3 
sq. cm area, and was polished by Mr. J. T. Littleton, Jr., of this 
laboratory from a crystal of 99.75 per cent purity furnished by 
the Carborundum Company of Niagara Falls. 


TABLE VI 
SILICON 
; = pe R 

rN p W n k nk (Computed) 
0.589 M 76° 36° 2 AB 4.18 0.090 Oe 37.9% 
0.870 Goout Dao rk 0.081 0.305 S236 
ioe 74. 51 2 28 e407 0.080 0.203 235 
toys TA ak 2°20 3.59 0.080 0.287 Sry 
225 74 16 2 ws 3.53 0.078 OL2%s 31.3 


Discussion of the results—The most obvious thing to be noted 
from the tables and curves is the fact that for the first five metals 
the refractive indices all show an increase with increasing wave- 
length.  In*the case of steel, nickel, and cobalt this rise of the 
dispersion-curve is merely a continuation of the tendency shown ~ 
by visual observations, but in the case of copper and silver it 
could not be predicted. That this increase is not as rapid, how- 
ever, as would be judged from such visual observations, is shown 
by the curves for steel and particularly for cobalt, where the 
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refractive index has apparently reached a maximum at wave-length 
2.00 MK. 

The absorption index curves, on the other hand, show no such 
general tendency. A gradual rise on the side of the infra-red in 
the case of steel and nickel and a corresponding lowering for the 
other three metals may be noted, but in general the change is less 
after the visible spectrum has been passed and the infra-red reached. 
This means that the product 7k, the extinction coefficient, increases 
in general with the wave-length. 

In silicon, on the other hand, the refractive index shows a 
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Fic. 7.—Curves showing the dispersion of copper 


small decrease as the wave-length increases, in the same sense and 
of much the same order of magnitude as exhibited by dielectrics. 
The reflecting powers, too, show a decrease on the side of the infra- 
red, just as in the case of dielectrics, and these facts should go far 
to remove what small claim silicon may have to be considered a 
metal, optically speaking.* 

Comparison with theory.—In attempting to compare the results 
with theory the same difficulty is encountered that is generally 
met with in any attempt at reconciling in a quantitative way the 


tIn other words, silicon has a much larger proportion of non-conducting, or 
‘‘hbound,” electrons than most other metallic substances. 


288 | L. R. INGERSOLL 


predictions of the electromagnetic theory with experimental facts. 
To bring about an agreement the equations are complicated by 
terms which take into account, in the case of metals, the presence 
of conducting and bound electrons, and involve coefficients which 
it is well-nigh impossible to determine in many cases. 

But while the agreement of the metals with the simple Maxwell 
theory may be very poor for the region of the visible spectrum, 
Hagen and Rubens’ find that for wave-lengths longer than about 
8.85 ” the agreement of optical and electrical properties is very 
nearly such as demanded by this theory. It becomes of interest 
then to discuss the question of whether there is a gradual transition 
from the state of affairs exhibited by metals in the visible spectrum 
to that shown well out in the infra-red, or whether this takes place 
largely in only a certain range of spectrum. 

It has been the writer’s contention? that the visible and very 
short infra-red spectrum is in the case of metals a region somewhat 
analogous to an anomalous dispersion region in the case of dielectric 
substances, and once wave-length about 1 # is passed we should 
expect to find much better agreement of theory and experiment. 
This conclusion was based on some experimental results? obtained 
on the Kerr effect, or magnetic rotation on reflection from surfaces 
of the magnetic metals in a strong field. These showed, just as 
found by other observers, that while in the visible spectrum the 
dispersion of this rotation is anomalous, 1.e., the rotation increases 
with the wave-length, when the effect is studied in the infra-red 
it is found to reach a maximum at A=1 pv and thereafter to decrease 
much as in the case of dielectric substances. 

In the present work this idea meets both agreement and disagree- 
ment. Maxwell’s original theory demands that, if o is the elec- 
trical conductivity and JT the period of the light-wave, then the 
relation should hold that n?k=ocT. This relation is not even 
approximately verified for the visible spectrum and the agreement 
is only a little better at A=2 4, so we must evidently go much 
farther into the infra-red to get rid of the disturbing influence of 


*E. Hagen and H. Rubens, Phil. Mag. (6), 7, 157, 1904; Annalen der Physik, 
II, 873, 1903; also see Sitzungsberichte der Preuss. Akad. der Wiss., Berlin, 16, 478, 
1909. 

2 Phil. Mag. (6), 11, 70, 1906. 3 Ibid., 11, 62, 1906. 
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the bound electrons, at least in so far as they affect this relation. 
On the other hand, in the case of reflecting powers we find a much 
better agreement between theory and experiment for the longer 
waves than for the shorter. A comparison of R as computed 
from the measured constants and R as observed by Hagen and 
Rubens shows this very well. 

Kerr effect—Voigt™ deduces the expression for the Kerr rotation 
at normal incidence 


at ONAC eae (3) 

sin ¢ tan ¢ 
where Q is a complex which does not contain , and q is a small 
angle measuring the effect of the magnetic field on k. Now it is 
not possible at present to evaluate these two quantities for longer 
wave-lengths than the visible, although the writer hopes shortly 
to undertake some experiments which should determine directly 
the values of g, but it may be interesting to compare the results. 
of this equation with experiment, on the assumption that the 
numerator is constant, that is, independent of the wave-length. 
‘Accordingly the following table has been made out. The figures 
for the Kerr rotation are an average of the writer’s results,? reduced, 

as is C/sin ¢ tan ¢, to unity at A=1 p. 


TABLE VII 
Wave-Length 0.50 & I.00 pu 2.00 & 
Steel Kerr rotation ..... 0.62 1.00 0.69 
ph Cisne tan oie... 1.43 1.00 .68 
Kerr rotation...... 0.83 1.00 770 
Cobalt C/siy tan. o 4, i... 1.62 1.00 .76 
as 


As the Kerr rotation for nickel reduces to zero and changes 
sign at wave-length 1.5 “, such a table would mean nothing for 
this metal. For the other two metals it is evident that equation 
(3) with the above assumption represents the facts fairly well for 
the longer waves, but not at all for the shorter. If g had been 
assumed constant and the variations in ¥ taken into account, the 

IW. Voigt, Magneto- und Elektrooptik, p. 317. Leipzig, 1908. 

2 Phil. Mag., 11, 64-67, 1906. 
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agreement would not be quite so good. On the whole, however, 
this may be looked upon as an argument for the general contention 
that, once clear of the visible spectrum, we may expect to find a 
rapid improvement in the behavior of metals as regards their 
obedience to electromagnetic laws. That this improvement con- 
tinues, though probably more slowly, out to much longer infra-red 
wave-lengths, the results of Hagen and Rubens’ experiments show 
beyond a doubt. 
SUMMARY 

t. The optical constants of steel, cobalt, nickel, silver, copper, 
and silicon have been measured by a new method over the range 
of spectrum from A=o0.65 # to 2.25 M. 

2. The first five metals show an increase of refractive index n 
with increasing wave-length. The absorption index k decreases 
in some cases and increases in others, but in general does not show 
nearly as much change beyond wave-length 1 as for shorter 
waves. The extinction coefficient nk shows a gradual increase 
_ with the wave-length. 

3. Silicon shows a slight decrease of m with increasing wave- 
length, much as do dielectric substances. The reflecting power 
also decreases, hence silicon has small right to be considered a 
metal optically speaking. 

4. The reflecting powers computed from these constants are 
in good agreement with the observed values of Hagen and Rubens, 
especially for the longer wave-lengths. Also on certain assump- 
tions, Voigt’s equation connecting the optical constants and the 
Kerr rotation is fulfilled for the longer waves though not for the 
shorter, and these facts go to bear out the writer’s contention 
that, once outside the visible spectrum, we may expect a much 
better agreement between theory and experiment in the case of 
the optical properties of metals. | 
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THE ABSORPTION SPECTRUM OF BROMINE AT HIGH 
TEMPERATURES 


By E. J. EVANS 


The absorption spectrum of bromine has been studied by 
Miller, Robiquet, Roscoe and Thorpe, Moser, Dale, and Hassel- 
berg.'. Later, Galitzin and Wilip? made an exhaustive study of the 
absorption spectrum at different temperatures and pressures. 
The most important results of their work, from the point of view of 
the present research, were those obtained at high temperatures, 
and low pressures. In some of their experiments, the quartz 
tube containing the vapor at a pressure of 13 mm was heated to 
a temperature of 1060 C., and the absorption spectrum photo- 
graphed. It was found that the high-temperature spectrum was 
very different from the low-temperature spectrum. Some of the 
lines were broadened, and others were sharpened. Some lines 
which were very sharp and clear at low temperatures became 
indistinct and vanished at high temperatures, and vice versa. 
Also the bandlike character of the spectrum was lost at high 
temperatures. 

Researches on the absorption spectrum of iodine have shown that 
the absorption lines diminish in intensity with increase of tem- 
perature, and finally disappear. The disappearance of the absorp- 
tion lines at high temperatures has also been observed in the 
present experiments on bromine vapor, and the temperature of 
disappearance of the lines was found to increase as the pressure 
of the vapor was increased. ‘The primary object of the research was 
to determine whether there is any connection between the absorp- 
tion spectrum, and the state of the vapor with regard to disso- 
ciation. The temperatures of disappearance of the absorption 
spectrum for definite pressures were observed, and the degree of 


t Kayser’s Handbuch der Spectroscopie, Bd. III, 320-21. 
2 Mémoires de l’Académie des Sciences de St.-Pélersbourg, 1'7, 1-112, 1906. 


291 


292 E. J. EVANS 


dissociation for each temperature and pressure evaluated by means 
of the following equation due to Nernst: 
log~ => = ee 71-75 log T+ ve. 

In the above equation x represents the degree of dissociation, 
P the pressure in atmospheres, —Q the heat of dissociation of the 
vapor, Z the absolute temperature, and ~vc a constant. The 
values of Q and =vc were calculated by Brillt from the experiments 
of Perman and Atkinson? on the vapor density of bromine, and 
found to be —55,300 and —1.7 respectively. 


SSX 
ELE 


EXPERIMENTAL ARRANGEMENT 


The apparatus employed in the present research was very similar 
to that used by the author in his investigation of the absorption 
spectrum of iodine at high temperatures,’ and it is necessary to give 
only a brief description. The bromine vapor was heated in the 
quartz tube AB, which was placed inside the carbon-tube electric 
furnace CC. By adjusting the current passing through the carbon 
tube CC, the temperature of the vapor could be varied from 100° C.~ 
to 1350 C. The tube AB was connected with the bulb E by means 
of the quartz tube R. A small quantity of pure liquid bromine was 
introduced into the bulb by means of the small side tube T. The 
bulb was kept at a temperature of —4o0° C., and the side tube T 
connected to a Fleuss pump for evacuation. When the pressure 
was about 1 mm, the tube T was sealed off in the oxyhydrogen 
flame. To observe the absorption spectrum, the light from the 
positive pole of the electric arc, after passing through the large 
condensing lens ZL, and the vapor contained in the tube AB, was 

t Zeitschrift Phys. Chem., 5'7, 721, 1907. 

2 Proc. Roy. Soc., 66, 10, 489, 1899. 

3 Astrophysical Journal, 32, 1-16, 1910. 
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brought to a focus on the slit of a concave grating by means of the 
lens L,. The grating had a radius of 1 meter and 15,000 lines to 
the inch. The first-order spectrum was always observed. 


MEASUREMENT OF PRESSURE AND TEMPERATURE 


The bulb containing the liquid bromine was placed in a beaker 
containing alcohol, and temperatures below o° C. were obtained 
by dropping solid CO, into the liquid. The liquid was stirred, and 
the temperature kept constant within a degree by adding a little 
CO, from time to time. The beaker containing the alcohol was 
placed inside a larger vessel, and the space between them was filled 
with the badly conducting substance known as Kieselguhr. The 
bath S was always made the coldest part of the apparatus. The 
pressure of the bromine vapor in the tube AB was then the same as 
the vapor-pressure of the bromine at the temperature of the bath. 
Since the vapor-pressures of bromine at different temperatures 
were known, it was only necessary to know the temperature of the 
bath S to determine the pressure of the bromine vapor in the quartz 
tube AB. The following table taken from Galitzin and Wilip’s 
paper (loc. cit.) was employed to determine the vapor-pressure of 
the bromine: 


Temperature Pressure Temperature Pressure 

mm | mm 

—25°C, 8 et 86 
—20 15 se) IIo 
—I5 24 15 138 
—TI0 35 20 573 

= § 49 25 215 

° 66 30 267 


The temperature of the vapor was measured by a Pt-Rh thermo- 
couple, which was connected to a galvanometer reading directly 
in degrees Centigrade. The couple was placed inside a quartz tube 
to protect it from furnace gases, and the junction was situated 
beyond the end A of the tube AB. 


MODE OF WORK AND EXPERIMENTAL RESULTS 


_ The experiments were carried out with the object of determining 
as accurately as possible the temperature at which the absorption 
lines completely vanished, and no detailed observations of the 
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changes in the appearance of particular lines at different tempera- 
tures were made. To illustrate the method of experimenting, the 
observations on bromine at pressures of 8.6 cm and 16 cm will be 
discussed. The .bath temperature was kept constant at 5° C. 
(pressure of vapor 8.6 cm), and the temperature of the furnace 
was gradually raised. At first, dark ‘bands were seen in the red, 
yellow, and green, and there was a general absorption in the blue 
and violet. The absorption in the blue and violet diminished as 
the temperature was raised, and when a temperature of about 1100” 
C. was reached there was scarcely any absorption in those regions, 
and the intensity of the bands in the red, yellow, and green 
was greatly diminished. Every trace of absorption disappeared 
when the temperature of the vapor had been raised to 1220° C., but 
on cooling, the absorption lines again made their appearance. The 
temperature of the bath was then raised from 5° C. to 17° C. (pres- 
sure of vapor 16 cm), and the temperature of the furnace kept at 
tooo’ C. As the bath temperature increased, the pressure of the 
bromine vapor in the tube AB increased, and visual observations 
of the absorption spectrum showed that the intensity of the dark 
bands had also increased. ‘The temperature at which the absorp- 
tion lines vanished was found to be 1320° C. The accurate fixing 
of the temperature of disappearance was always difficult, as the 
absorption lines were very faint over a wide range of temperature. 
However, by keeping the eyepiece in motion during the visual 
observations of the spectrum, very faint absorption lines could be 
detected. The temperatures of disappearance of the absorption 
spectrum for different pressures will be found in the accompanying 
table. 


Temperature of - 
Temperature Disappearance Temperature | Temperature of Disappearance 
of Bath of Spectrum of Bath of Spectrum 

—20° C. 830° C. —o.8°C., LEI6: Gy 

—15 950 +54 1220 

== TO 1030 iy ere) 1320 

ies IOgO 28 Absorption spectrum had 
not disappeared at 
1320 C, 
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When the temperature of the bath was 28° C. the ends of the 
quartz tube became opaque, and the tube collapsed in the furnace 
before the absorption lines had disappeared. 


EXPERIMENTS ON A CONSTANT MASS OF BROMINE VAPOR 


In the previous experiments the pressure of the vapor in the 
quartz tube was kept constant, and the absorption spectrum 
observed as the temperature increased. It was therefore considered 
desirable to investigate the effect of high temperature on the absorp- 
tion spectrum when the quantity of bromine in the tube was kept 
constant. The bulb containing the liquid bromine was immersed 
in a bath of alcohol and solid CO., which was kept at a temperature 
of —4o° C., and the apparatus was evacuated to a pressure of 1 mm. 
The temperature of the bath was then allowed to rise to —25° C., 
and was kept constant at that value for 5 minutes. The side tube 
FR near the end B of the quartz tube AB was sealed off in the oxy- 
hydrogen flame. The tube containing the vapor was then fixed 
inside the furnace, and the absorption spectrum examined as the 
temperature of the furnace increased. At 600° C., absorption lines 
were seen in the red, yellow, and green, but they were much fainter 
when the temperature had reached 960° C., and had completely 
vanished at 1o40° C. Photographs of the spectrum were taken at the 
ordinary temperature. of the room, and at 550°, 870°, and 1080° C. 
The absorption lines, which were very faint, could be distin- 
guished in the first three photographs, but not in the photograph 
taken when the temperature of the furnace was 1080°C. The 
pressure of the vapor in the tube, when the latter was at the 
room temperature, was 8 mm, and it was therefore possible to cal- 
culate the pressure at 1040° C., which was the temperature of dis- 
appearance of the absorption spectrum. The volume of the quartz 
tube was not much altered by heating it to a high temperature, and 
if it be assumed that the molecular state of the vapor was unaltered, 
and represented by Br., the pressure was simply proportional to 
the absolute temperature. The calculated value of the pressure 
was 36 mm. Actually, the pressure was greater, because a per- 
centage of the molecules had been dissociated. The constant 
pressure experiments have shown that the absorption spectrum 
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disappeared at 1030 C., when the pressure of the bromine vapor 
was 35mm. There is fair agreement between the results, consider- 
ing the difficulty of accurately estimating the pressure at which 
the bromine vapor was sealed in the quartz tube AB. 


QUANTITY OF BROMINE DETECTABLE BY ITS ABSORPTION 
SPECTRUM 


The bulb containing the liquid bromine was placed in the bath 
containing alcohol and solid CO,, and the absorption spectrum 
observed at different temperatures. At —25° C. faint absorption 
lines were visible, but when a temperature of about —33° C. was 
reached all traces of absorption had disappeared. The values of 
the vapor-pressure of bromine at temperatures below —25° C. do 
not seem to have been determined, and as the knowledge of the 
amount of bromine detectable by the grating spectroscope was 
important in the discussion of the experimental results, another 
method was adopted. The method employed had the advantage 
of determining the amount detectable at a high temperature, and 
also the vapor was known to be made up of a definite mixture of 
diatomic and monatomic molecules. The mode of procedure con- 
sisted in keeping the temperature of the bath constant at —20° C., 
and raising the temperature of the furnace until the absorption lines 
had completely disappeared. In this way the temperature of dis- 
appearance was found to be 830° C. 

The dissociation of bromine is represented by the following equa- 
tion: 

Br,sBr+Br. 

Let « represent the fraction of diatomic molecules dissociated, 
P the total pressure, and p, the pressure of the undissociated 
molecules. Then it can be shown that 
LE ae 
oe 

P, the total pressure of the vapor, was the same as the vapor- 
pressure of bromine at a temperature of —20° C., viz.,15 mm. The 
fraction of dissociation x was calculated from Nernst’s thermo- 
dynamic equation, and found to be 0.076. , was calculated by 
means of the above equation, and found to be 12.9 mm. 


Px 
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It is therefore seen from the results of the above experiment that 
a pressure of 12.9 mm of the diatomic molecules can be detected. 
Here the assumption is made that the monatomic molecules do 
not contribute anything to the absorption. 

The amount of diatomic bromine in the tube when the absorp- 
tion lines were no longer recognizable can now be determined. 

Let !=mass of bromine vapor in a tube of volume /. 

Let m=molecular wt. of bromine vapor, p the pressure in 
dynes, and @ the absolute temperature. ° 


Then 
_Vpm 
ae RO 
where 
R=8.26XI0’. 
The tube employed was 19.2 cm long’and 0.512 cm in radius. 
", V=15.8 cc 

p=o0.017 atmosphere=o0.017X 10° dynes 

m= 160 

6=1103° Abs. 


M=4.7X10~4 gr. 


The experiment indicated that 4.7 107+ gr. of bromine vapor 
in the diatomic state could be detected at 830° C. 


DISCUSSION OF RESULTS 


To facilitate the discussion of the experimental results the follow- 
ing table has been constructed: 


Fraction of Dis- 


Pressure of Temperature of Dis- Fraction of sociation Ob- Reniets 
Vapor appearance of Spectrum Dissociation servable by 
Spectroscope 
nn ee eae Ley Pees ml) ad Pe Mee “Lea bari 
24 ofa o 0.22 0.25 
as 1030 YI 39 
49 Togo 49 51 
63 1136 58 58 
88 1220 74 68 
160 1320 .84 mis 
246 Spectrum had not ms a ¥ The tube became 
disappeared at opaque and col- 
1320° C. lapsed at about 
1400° C, 
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The third column gives the fraction of the diatomic molecules 
which had been dissociated at the temperature of disappearance 
of the absorption lines. This fraction was determined by inserting 
in Nernst’s equation the appropriate values of the temperature and 
pressure. The numbers in the fourth column were deduced on: the 
assumption that 4.7310~4 grams of Br, molecules were necessary 
for the detection of the absorption lines. The pressure of the dia- 
tomic molecules present at each temperature of disappearance could 
readily be determined by the equation p= te , and «, the fraction 
of dissociation possible, evaluated by means of the relation 
pa ae SR where P is the total pressure of the bromine vapor. 

An error of 20° C. in the estimation of the temperature of dis- 
appearance of the absorption lines will make an appreciable differ- 
ence in the calculated value of the fraction of dissociation. ‘The 
following example is given as an illustration. If the absorption 
lines of bromine vapor at a pressure of 8.6 cm disappeared at a 
temperature of 1180° C., the calculated value of the fraction of dis- 
sociation would be 0.65, but if the temperature of disappearance 
had been 1200° C., the calculated value would have been 0.7. It 
is important to note that the temperatures of disappearance of the 
absorption spectrum for given pressures will vary with the lengths 
and diameters of the tubes employed. If longer tubes were 
employed in the above experiments, the temperatures of disap- 
pearance of the absorption lines would be correspondingly raised. 

The tabulated results show that the temperature of disappear- . 
ance of the absorption lines is higher the greater the pressure, and 
that the disappearance of the absorption is closely connected with 
the dissociation of the vapor. ~The disappearance of the absorption 
lines at high temperatures may be explained on the assumption 
that the monatomic bromine molecules give no absorption spectrum 
(except perhaps in very thick layers) within the range 4 3500 to 
4 6800. In other words, the absorption spectrum of bromine is 
assigned to the diatomic molecules, and the vanishing of the absorp- 
tion lines at higher temperatures is ascribed to the production of 
monatomic molecules, which give no absorption within the above 
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range. The increase in the temperature of disappearance of the 
absorption lines with increase of pressure is a natural consequence 
of the above hypothesis, for increase of pressure at constant tem- 
perature is accompanied by a diminution in the fraction of diatomic 
molecules dissociated. 

Heated bromine vapor is known to give an emission spectrum, 
the lines of which coincide in position with those of the absorption 
spectrum. During the progress of the present work an attempt 
was made to observe this emission spectrum visually, but without 
success. In the author’s paper on iodine it was pointed out that 
the apparatus employed in these researches was not suitable for 
viewing the emission spectrum, and the inability to observe the 
emission lines may possibly be due to the above cause. 

To account for the disappearance of the absorption lines of iodine 
vapor, the following hypothesis has been advanced. The absorp- 
tion spectrum was ascribed to the diatomic molecules, and the 
disappearance of the absorption lines was considered to take place 
when the emission due to dissociation and recombination of the 
iodine molecules was exactly balanced by the absorption of the 
iodine molecules still in the undissociated state. 

The above hypothesis may possibly explain the disappearance 
of the absorption spectrum in the case of bromine, but it appears 
difficult to test it quantitatively. 

¥ SUMMARY OF RESULTS 


a) The absorption spectrum of bromine disappears at high 
temperatures, and the temperature of disappearance is increased 
by increase of pressure. 

b) The disappearance of the absorption lines is closely con- 
nected with the dissociation of the diatomic molecules and can be 
explained on the hypothesis that the monatomic molecules pro- 
duced by dissociation give no absorption spectrum within the limits 
4 3500 to A 6800. 

The author is indebted to Professor Rutherford and to Professor 
Schuster for the great interest they have taken in the work, and 
for placing the necessary apparatus at his disposal. 
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MEASURES ON NINETEEN NEW SPECTROSCOPIC 
BINARIES 


By OLIVER J. LEE 


The binary character of fifteen of the stars in this article was 
announced in a paper by Frost and Lee read at the Cambridge 
meeting of the Astronomical and Astrophysical Society of America 
on August 17, 1910. Nothing has hitherto been published regarding 
the variable velocities of ¢ Cassiopeiae, y Ophiuchi, and a Pegast. 

The dispersion of one prism was employed on all plates here 
considered, except in the case of 7 Coronae, for which two prisms 
were used for the plates designated by IIB. The usual initials 
have been given in specifying the observers by whom the plates 
were taken, viz., A=Adams; B=Barrett;. F=Frost;, b= (ee: 
M=S. A. Mitchell; S=Sullivan, who regularly assisted in the 
guiding. 

25 0 Andromedae (a=08 132m; 6=+36° 14’; Mag.=4.5) 


CENTER Viot. Comp. | RED Comp. 
PLATE DaTE GMT [PAREN QUAL 
BY | No. | Velo-| No. | Velo- | No. | Velo-| 77” 
Lines | city | Lines| city | Lines] city 
km km km 
IB 1198 | 1907 Oct. rr | 18h20m| B 5 j—26) 5° \—s0 | 3° J--4e" eee 
I7IQ | 1908 Sept. 7 | ‘17 37 B 8 |+ 5 g. 
1728 sept. 8/716 14 L 5 |-— 6 7 i—s8 | 5 |*-2Q 1 vom 
2194 | 1909 Nov. 25 | 15 16 L 7 |—22 g. 


g.=goood; w.=weak; v.=very. 


The spectrum is of type Az. 


The violet component was the 
stronger in each case where two components were measured. 
Metallic lines are numerous and give fairly accordant velocities. 


35 Hev. + Cassiopeiae (a= 2h 21m; 6=+66° 57’; Mag. =4.6) 


Date G.M.T. Taken by 
-..| 1900) Aug.23°) 18840 ee Is 
sae Dec.*22 £2925 Dye 
Le 1OLO@e anaes £2417 13 aa 
Be Jan. 14 )) 12°02 L, B 


No. Lines 


ei 


Oo oOMmn 


300 


Velocity Quality 
km 
tie th g- 
+10 w. 
—21 g. 
—4 Mites 
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This star is No. 1262 in Burnham’s General Catalogue and is 
a triple star. The magnitudes are: A 4.8,B7.0,C 8.2. The 
relative motion is slow and the proper motion small. The spectrum 
is of type A5 and has many fair lines. 


86 p Tauri (a=4 28m; 6=+14° 38’; Mag. =4.8) 


CENTER VioL. Comp. | RED Comp 
PLATE DATE G.M.T. | te gi 

i No. | Velo- | No. | Velo- | No. | Velo 

Lines | city | Lines| city | Lines | city 

km km km 

IB 1802 | 1908 Oct. 16 | 18555m|B,L| 11 |+28| 2 |—6| 3 |+76] w. 

1837 Nov. 8] 19 57 L 8 |+24} .9 |—22 7 U-+-S2) iV. g. 
1885 Dec. 4il)83a4 L Oo [=—32 | 10m 4-62) |v. e- 


This star is No. 1067 of Boss’s Preliminary General Catalogue 
and is a member of the ‘“‘ Moving Cluster in Taurus”’ (Astronomical 
Journal, 26, 31, 1908) for which he predicts a velocity of +41.0 km. 
The binary character of the star was discovered by inspection of 
the second plate. On No. 1885 the double lines stand out so clearly 
that measures of the centers were not made. The red component 
is the stronger on the last two plates. The spectrum is of type A5. 


18 v Geminorum (a =65 23m; 6=+20° 17’; Mag.=4.1) 


Plate Date G.M.T. rea ihe Velocity soy oe Quality 
km km 
1, $5476.31) TOOs% -Dec.- 2 22hsam| F 4 +24 2 — 6 a 
yy Pa Degy 25 22 40 A 4 +33 2 + I g. 
#05...) 1906 Feb, 26 17 49 F 3 + 6 I +22 ¢. 
Tee on 19005... any 24. 917-27 B . +15 I +12 g. 
1947....| 1909 Jan. 1 $537) 173).0 3 +20 g. 


In this spectrum, of type Bs, only the hydrogen lines, and one 
or two helium lines with H and K, are measurable. Double measures 
were made on No. 224 with the result +36, +30 km for the broad 
lines, and-+-4, —2 km for the calcium lines H and K. No. 1947 
was too weak in the K region for measurement. ‘The difference in 
velocity of the sharp Ca lines from the others is distinct and 
should be further investigated. 
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42 Camelopardalis (a=65 41™; 6=+67° 41’; Mag.=5.0) 
CENTER Vio. Comp. | RED Comp. 
PLATE DaTE G.M.T. ao pte 
No. | Velo- | No. | Velo- | No. | Velo- 
Lines | city | Lines | city | Lines! city 
km km km 
IB 230..| 1903-Dec. 26} 238r1m | F 4-1-3 g. 
243.4% Dec..314223 27 F 7 fe) g. 
266..| 1904 Jan. 23 | I9 41 A 9 |—I7 V.ee: 
618..| 1905 Nov. 10 | 22 43 B 6 |+11 | 3 |—30] 3 |+453 1 Ww. 
GOI s., 1907 Jan. 254522 1 B 3° |~-12 | 4. |—460) (5. See 


The spectrum of this star is of type B3. 


Its lines are fairly 


distinct. The calcium lines H and K were measured on plates 
Nos. 243 and 266, the only two that are strong enough in the 
violet end. ‘The means of accordant measures, reduced to the sun, 
give +17 km and +17 km, respectively, for the two plates. This 
suggests that the velocity for these calcium lines may not be 
variable. | 

83 & Geminorum (a=7h 47m; 6=+27° 1’; Mag.=s.0) 


CENTER Viot. Comp. | Rep Comp. 
PLATE DATE G.M.T. TAKEN a pti 
No. | Velo- | No. | Velo- | No. | Velo- 
Lines | city | Lines] city | Lines| city 
km km km 
IB 1823.| 1908 Nov. 2 | 23h14m™| B 5 |—48 |. 6 |4= tole 
1840 Nov. 8 | 23 28 L 8 i++ 7 |} 3) 44 
1888 Dec. 4 | 22 18 i 6 |+16 g. 


The spectral type Az of ¢ Geminorum permits of the use of a 
number of fairly defined metallic lines. The first two plates show 
such definite components that no measures were made of the centers 
of the lines. The appearance of the lines on the last plate suggests 
that they are unresolved doubles. 


43 Y Cancri (a =8h 38m; 5=+ 21° 50’; Mag. =4.7) 


Plate Date G.M.T Taken by | No. Lines | Velocity Quality 
km 
TBsy1000..... 1907 Feb. 22 | 20h47m B " +16 Vv. g. 
Eye aN wih aan 1908” Dec 47 121 4 L 8 +35 v. g. 
Oo Thee es Dee26 BO. 13 B 9 25 Vv. g. 
2255 eee I9ti0 Jan. 14 | 17 19 B II +20 v. g. 
2326.0 dnd May 9 15 56 L 6 +25 g. 
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Some accuracy may be claimed for measures of this spectrum, 
classified as A. No. 1000 shows components which referred to the 
sun give —44 km as mean of two lines and +42 as mean of three. 
It is probable that a higher dispersion would reveal double lines. 


22 60 Hydrae (a=oh om; 6=+2° 44’; Mag.=3.8) 


Plate . Date G.M.T. Taken by | No. Lines Velocity Quality 
km 
BES IS 70 ns 1908 Nov. 16 | 23546m B 5 +11 g. 
Otte sh Dec. 26 20 54 B fe +9 Vv. g. 
(oa a ieee 1909 Jan. I 20 25 L | 5 cosa a ake 


The magnesium line A 4481 is the best in this spectrum, of type 
A, and most weight was given toit. ‘The best lines on these plates 
seem more or less distorted, but no consistent nor definite compo- 
nents have been found. Possibly they are close doubles with com- 
ponents of unequal intensity. The spectral lines are unusual in 
appearance and suggest a critical stage in the physical history 
of the star. 


77 0 Leonis (a=115 16m; 6=+6° 35’; Mag.=4.1) 


‘ 


Plate Date G.M.T. Taken by | No. Lines Velocity Quality 
km 

1 bo ay ee 1904 Apr. 16 | 16hg5m A II —II g. 
OfGa.% >. 1000. “jan... 29°|20 | 2 B 3 —13 Ww. 
aT Gois.2 Ys Mar. 30 | 17 52 F 8 —17 g. 
ae ars 7 Apr. 10 fy | eu 6 — g. 
OSO0. x 1907 Apr. 20 18 20 Fox 8 —12 g. 
RYE ROE Det 4. [> 23.20 B 8 +4 g. 
EAS. ck Deco! 3a." -5 S 8 + 4 V. g. 
SGOO05 be: 1908 Jan. 67] 21 49 L 8 — 2 Vige 
Bis walt Patines 7 20 I5 B 8 = 5 Vv. g. 
EASE kee Febs 16. 10¢57 L 6 —I0 g. 
FAG Tos 4 1910 Mar. 7 16 53 L i —I5 Vv. g. 


Estimates made on the earlier plates several years ago led 
Mr. Frost to suspect a variation in the radial velocity of this star. 
He also observed a suggestion of a bright line fringe to the hydro- 
gen lines 8, y,and 6. The value —17 km for No. 716 is the mean 
of two independent measures, which gave —16.5 and —18.1 km.. 
Several plates have complex lines which were not resolvable into 
components in measuring. ‘The spectrum is of type A. 
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23 Comae Berenices (a=12) 30; 6=+23° 11'; Mag.=4.8) 


CENTER Vriot. Comp. | RED Comp. 
PLATE DATE G.M.T. oor vce ana ae. 
No. | Velo-| No. | Velo- | No. | Velo- 
Lines | city | Lines! city | Lines/| city 
km km km 
IB 1934 | 1908 Dec. 26 | 23h24™| B 7 |— I 2 |-—43 2 -|-- 264g 
2243 | 1910 Jan. 5 | 21 30 L 6.25 2° |-973 ) 3 Creeonae. 
2306 Mart..14.)' 19 20 B 14 |-— 7 I |-+46'| v. g. 
2328 May 9g | 16 45 L 6 |—14 w. 
2362 June 6 | 14 34 16 9 |—16 4 |—46 4 \+2r5 | veg 


The spectrum of this star is given as A. A number of metallic 
lines were used in measurement. On plates Nos. 1934 and 2243 
the intenser component of the magnesium line A 4481 is on the side 
toward the violet, while No. 2362 has the stronger on the side 
toward the red. No. 2306 has traces of close double lines. | 


2» Coronae (a=154 19m; 6=-+30° 30/; Mag.=5.6) 


Plate Date G.M.T. Taken by | No. Lines Velocity Quality 
km 
IIB’ o9....| 1907. Mar. 29 | 21446m B 20 —12.3 Vv. g. 
TBsto2t se Apres 20 54 Fox 13 =; 8.0 Vig 
Tibet 4e May 27 r5e25 F 21 —10.9 Vawe 
IB. 2544. ...| 19005) Maton macoe ta B 13 —~| 36 Vig} 
T5034 h Apr Str L 13 — 4.3 Vv. g. 
TOTTEL May 2 19 33 B 14 — 6.2 Vag 
2383....| 19T0 June 2o 70ers 7 L 7 —— 374 g. 
OL pane July 18 14 48 L 9 —20.4 g. 


This spectrum, of type G, has numerous good lines. The star 
is the well-known visual double 7251 in Burnham’s General Cata- 
logue. ‘The components are 5.6 and 6.1 in magnitude. The 
orbit of the visual binary is fairly well determined, the period being 
about 42 years; hence an immediate determination of the orbit of 
the binary component is very desirable. A dispersion equal to that 
of the Bruce spectrograph with two prisms is preferable for’ this 
spectrum. 

In 1902 ¢ Serpentis was found to be a close double by Hussey, 
who gives the distance as o”21. It is Hu 580 or 7360in Burnham’s 
General Catalogue. ‘The components are of equal magnitude but 
the following data necessitate a binary nature for one or the other 
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2r¢ Serpentis (a=155 37; 5=+20° 0’; Mag.=4.5) 


CENTER VIoL. Comp. | RED Comp. 
PLATE DATE G.M.T. |fAKEN| | —_______ | _________ Quat- 


No. | Velo- | No. | Velo- | No. | Velo- 
Lines | city | Lines | city | Lines | city 


km km km 
IB 758 | 1906 May 11 | 1749™ | B 6 |—45 +40] g 
1624 | 1908 May 11 | 18 25 L 6 |—22 g. 
#245 | 1910 Jan. ~§ | 23 52 L 8 .j—-30| 6 |-+60) g. 
2312 Mar. 18 | 20 52 L 6 |— 6 g: 
2319 Mar. 25 | 20 30 L 8 |-19| 5 |+69] g 


of the visual components. The value +40 km for the red com- 
ponent of No. 758 is an estimate merely of some very faint, hazy 
lines. 


y Coronae (a=151 397; 5=+ 26° 37/; Mag. =3.9) 


CENTER VioL. Comp. | RED Comp. 


PLATE DATE ior ee eae ar ae 
== No. | Velo-| No. | Velo-| No. | Velo- ary, 
Lines | city | Lines| city | Lines] city 


km km km 


IB 291 | 1904 Mar. 8 | 20h58m| F 7 |+13 | 4 |-—20 v.g 
Paroutiioo7 Apr. 13 }°1S; 21> |-Fox | 10° |—14 v.g 
1044. Apt 20:1 "20.82 F | 10 |—I5 Wee: 
Pe veperocoenniitaleto co toby 7 |= 8 > 5 -|—5351° 3 +201. g. 
2321 | 1910 May 6] 16 45 B 8 |—17 Vv. W. 
2428 Myr So dare od L 4 |—26} 6 |—80!/ 6 {+26 |\Vv.g. 
2441 duly cae) oxd Wb L324) -t0e.| —23 Vv. g 


This is the close visual double star No. 7368 of Burnham’s 
General Catalogue. See (Evolution of the Stellar Systems) gives 
its period as 73 years and its semi-major axis as 07736, the plane 
of its orbit lying almost in the line of sight. The fainter com- 
ponent is of the 7th magnitude. The spectrum of the brighter 
component is classified as A, although the metallic lines are numer- 
ous and permit of considerable accuracy in measurement. When 
the spectroscopic components are visible they are of equal intensity. 
As in the case of 7 Coronae, an early determination of the orbit 
is desirable. 

The spectrum of 7 Serpentis is classified as A2. Numerous 
metallic lines were used in measuring velocities. Peculiarly, the 
violet component seemed the more intense on all the plates. The 
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447 Serpentis (a=15) 58m; d6=-+23° 5’; Mag.=4.8) 


PLATE 


LBiaoqs a 
BOAO. ah 
2200.~. 
22 05h0.. 


DATE 


1909 Mar. 1 
1910. Jan. 21 
Mar. 7 
June 6 


G.M.T. 


athy5m 
23 40 
19 47 
By l22.." 


TAKEN 
BY 


gare daa 


Viot. Comp. 
| AN Velocity 
km 
2 —AI 
Ke) =f 5 
IO —62 
8 —48 


RED Compe. 
QUAL- 
ITY 
fe Velocity 
lon 4: oe 
3-4 3a tenes 
2 +69 g. 
Io +20 | Vou. 
6 +38 7 Vere 


components were so definite that no attention was given to-measure- 


ments of the centers of the lines. 


62 y Ophiuchi (a=175 43"; 6=+2° 45’; Mag.=3.7) 


eevee 


Date 


1906 Mar. 30 
1907 June 29 

July 1. 
t9o1o. 6=Mar. 18 


G.M.T. 


22h4om 
Ig 19 
16.10 
Ogos 
1Q 59 
10D 57 
Lome 


Taken by 


SelcchccleniscPSacs 


No. Lines 


ComT COM COM fF 


Veloci 


km 
+ 2 
+11 
—109 
+35 
eae 
ee 
et 


ty Quality 


The binary character of this star was early suspected by Mr. 


Frost. 


No. 721 shows five lines resolved into measurable com- 


ponents, the resulting velocities for which are —51 km and +092 km. 
The spectrum is of type A. 


27  Sagittarii (a =18% 39"; 5=—27° 6’; Mag.=3.3) 


ee ecer 


ee eee 


ee eee 


Date 


June 6 
June 11 
AUg. 17 
Aug. 21 
Aug. 24 
Aug. 25 
Aug. 28 
May 17 
July 19 


G.M.T. 


2ohrz9m 
18 
15 
13 
T4206 
14 
14 
20 
16 


Taken by | No. Lines 
A I 
F,B 9 
F,B 8 
L 8 
B 7 
L 7 
L 7 
B Io 
L 9 


Velocity 


Quality 
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Mr. Frost on the basis of his preliminary measures announced 
$ Sagittarii as a spectroscopic binary at the meeting of the American 
Astronomical and Astrophysical Society at Put-in-Bay in 1908. 
This meeting was reported in Science for December 11, 1908. The 
individual measures have not before been published. The spec- 
trum is of type B5A. 


13 Vulpeculae (a=19) 49™; 6=+23° 49’; Mag.=4.5) 


Plate Date G.M.T. | Taken by | No. Lines Velocity Quality 
km 

star. eS. .1906 May 11 | 208s58m F 8 —27 Vv. g. 
BOERS 1909 May 10} at 38 B 9 == ar Vv. g. 
SOQ. wien May 24 700s B 3 —15 Ww. 
BOs Af o.4 June 18 £5.20 M 8 —30 Wir Se 
S3a38 a8 1910. 6~May 23 21710 B 9 — 36 vig. 
PARAS ek June 10 | 19 46 L 8 — 36 g. 
wae |. June 27 18 25 L, M 8 —I5 g 
BAA July 18} 18 20 L, B ie) — 26 v.g 


The spectrum of this star is of type A with a number of fairly 
sharp metallic lines. On No. 2054 the best two lines measured 
each have a faint component. The mean, referred to the sun, gives 
+119 km. No. 2406 also shows components at —5r1 km from 
four lines and +12 km from three lines. 


16 Lacertae (a=22) 52m; d=-+41° 4’; Mag.=5.5) 


Plate Date G.M.T. Taken by | No. Lines Velocity Quality 
| km 
TE-atTO.., J 1909 Aug. 23 | r7brm F 9 —43 g. 
Oy Ee Nov. 8| 46 42 L $e) +12 g. 


The spectrum is B3 and has many fairly good lines. On plate 
No. 2178 two lines show well two components, giving velocities 
of —12 km and +45 km. The Ca lines H and K are sharp, and 
accordant measures of the two give —15 km and —17 km, respec- 
tively, for the two plates. This indicates that the star may belong 
to the class of binaries having a constant velocity for Ca lines. 
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a Pegasi (a=235 om; 6=+14° 4o’; Mag.=2.6) 


; CENTER Viot. Comp. | RED Comp. 
TAKEN| [= a ha ts 22 Sane ee 
es ay coe Sty BY No. | Velo-| No. | Velo-| No. | Velo- | FY 
Lines | city | Lines] city | Lines! city 
km km km 
IB 2420 | toro July 4 | 21539™| L 9 |—24|.4 |+6r | v.g. 
2425 July 8 Aeete3s L 7 \-+13 Ea 
2460 | Alig. is 17450 L Int ie lease g. 
2469 Aug. 5 | 20 18 L 7 AF .9 2 (—24 |" 2 =-Comeweg: 
2474 | Aug. 8 | 2197 51 L 7 |+28 tT —24 | 2) |= - SO 
2480 Aug. 12 | 17 40 B 5 ar Vibe 
2488 Aug 19,216 75 B 5 |I- 3 2 -|~30.| 2 /l--Saea eg, 
2491 Aug. 25°) 16.40 B 4 \— 2 Vv. g. 
2490 Aug. 27 | 16 48 L 6 |= 7 ve 
2501 Sept. 12 | .55 54 L 6 |— 2 v.g 


a Pegasi has a spectrum of type A. Metallic lines are faintly 
present, but few are of any value for measurement. ‘The K line 
of calcium has a peculiarly distorted double appearance, without 
showing measurable components, however, except on the first 
plate. Most of the spectrograms of this star were made on 
‘seed 23." plates, 


YERKES OBSERVATORY 
September 30, 1910 


THE ABSORPTION IN THE RED OF THE ACETATE, 
NITRATE, AND SULPHATE OF COBALT 


By FRANK L. COOPER 
INTRODUCTION 


In a previous number of this Journal,’ the writer published the 
results of an investigation on ‘“‘The Absorption of Certain Salts 
in Aqueous and Non-aqueous Solutions.” In this work the 
absorption spectra of several salts of cobalt, copper, iron, and 
neodymium were examined, and from the evidence obtained, the 
following conclusions were reached: 

1. The absorption of light by the solutions studied was due 
to at least two different kinds of absorbers, one of which was the 
molecule of the salt, and another the atom of the metal itself. 

2. The absorption spectra of these salts in solution depend to a 
great extent upon the solvent, which probably forms some simple 
hydrate. 

It was observed that in the case of the solutions of cobalt 
bromide, cobalt chloride, and cobalt iodide several narrow absorp- 
tion bands in the red region of the spectrum were characteristic 
.of each salt; while the red was almost entirely transmitted by 
salts having oxygen as a part of the radical. In the more concen- 
trated solutions of cobalt nitrate and cobalt sulphate, however, 
there appeared to be an absorption band which approached from 
the infra-red and absorbed a little of the light in the extreme red. 
For this reason, the present work was undertaken, using solutions 
of greater concentrations than those which were used in the pre- 
vious work, to ascertain whether there were absorption bands 
which approached the visible spectrum from the infra-red, and 
whether these were also characteristic of the salt solution used. 


APPARATUS, MATERIAL, ETC. 

The spectrograph employed for this work was the same instru- 
ment which was used in the previous investigation. It consisted 
of a plane Rowland grating of about 14,000 lines to the inch which 

* Astrophysical Journal, 31, 4, 1910. 
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was mounted in a light-tight box. The absorption spectrum of 
each solution was also carefully examined by means of the small 
spectroscope. Both of these instruments were described in the 
previous paper. There were two cells used, so. that the length of 
the absorbing layer was either 2 cm or 4 cm. The photographic . 
plates were ‘‘spectrum panchromatic plates’ obtained from 
Wratten and Wainwright of Croydon, England, and were sensitive 
as far as A 8000 and very sensitive to about 4 7600. The plates 
were developed with dianol developer obtained from the Lumiére 
Company. 

The source of light was a 220 volt direct-current Nernst lamp 
carrying a current of o.5 ampere, a variable resistance being also 
placed in the circuit to maintain a constant current. For com- 
parison, the spectrum of the iron arc with Norway iron Clee 
was used. 

The solutions were made up in the same manner as those used 
in the previous work. A chosen volume of mother-solution of a 
colored salt was measured out from a burette into a measuring 
flask of known capacity. The portion of the solution in the flask 
was then diluted by the addition of pure water until the volume of 
the resulting homogeneous liquid was exactly equal to the fixed 
capacity of the flask. The concentrations will always be expressed 
as multiples of normal. The term normal will be used to mean 
gram-molecular normal. 

Through the courtesy of Professor J. S. Ames of the Johns 
Hopkins University, it was possible to measure the plates with the 
dividing engine belonging to the physical laboratory of that insti- 
tution. This engine is fully described by Humphreys in the 
Astrophysical Journal, 6, 180, 18097. 


METHOD OF INVESTIGATION 


The light from the Nernst lamps was allowed to pass through 
the cell containing the absorbing solution, and focused upon the 
slit of the spectrograph. After reflection from the grating, it was 
brought to a focus at the camera box. 

Spectrograms were made both when aqueous and also amyl 
alcohol solutions of the salts were used as the absorbing media. 
The results were also verified by visual observations. 


ABSORPTION OF COBALT SALTS | ain 


RESULTS 


Aqueous solutions.—Solutions of the acetate, nitrate, and sul- 
phate of cobalt were studied, the concentration of the solutions 
increasing from two-normal. In every case, it was found that 
with increasing concentration of the solution the absorption band 
in the green always approached the red end of the spectrum, as had 
been observed in the previous work. Moreover, in each case 
there was always an absorption band which slowly widened, coming 
from the infra-red, and gradually absorbed the lower part of the 
red region of the spectrum. ‘These red absorption bands moved 
much more slowly, however, than did the band in the green, espe- 
cially in the case of the more dilute solutions. The position of these 
absorption bands differs according to the salt solution used as the 
absorbing medium, but the exact position of their center could 
not be determined photographically, as they are in the infra-red. 
In the case of each of the solutions studied, the red absorption 
bands widen very slowly if the solution is dilute, but quite rapidly 
with solutions of greater concentration. Similar results were pre- 
viously found in the case of solutions of cobalt bromide, cobalt 
chloride, and cobalt iodide. Therefore it is quite probable that 
these absorption bands are very similar to the red absorption 
~ bands of the bromide, chloride, and iodide of cobalt, and that the 
reason that they differ in position for different salts is because the 
absorber which is responsible for their existence is the molecule of 
the salt. On the other hand, the absorption band in the green was 
always found to begin in about the same position in the spectrum, 
about 4 5200, which is what we would-expect if the absorber which 
produced this band was the atom of the metal itself. The width 
of this absorption band increased most rapidly, with increase of 
concentration, in the case of cobalt acetate, and least rapidly when 
a solution of cobalt nitrate was used as the absorbing medium. 
This shows that the absorber which is responsible for the green 
band cannot be the cobalt cation. Arranged in order of increas- 
ing dissociation, the salts would be acetate, sulphate, and nitrate. 
If the absorber responsible for the green band had been the cobalt 
cation, then this band should have been broadest in the case of 
the solutions in which there was the most dissociation, i.e., the 
solution of cobalt nitrate. 
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Below is given the approximate position of the limit of trans- 
mission for the green absorption band, in the case of a three- 


normal solution of the different salts studied: 
Cobalt nitrate, 2» 5725 
Cobalt sulphate, A 5850 
Cobalt acetate, A 6150 
The limits of transmission in the red corresponding to the above 


were approximately Cobalt nitrate, 27450 


Cobalt sulphate, A 7340 
Cobalt acetate, 7270 


Alcoholic solutions —The absorption spectra of cobalt acetate, 
cobalt nitrate, and cobalt sulphate, when dissolved in amy] alcohol, 
were also studied. All of these, like the aqueous solutions of these 
salts, were found to have absorption bands both in the green and 
the infra-red. It should be stated, however, that some of the salts 
were not absolutely anhydrous. The positions of these bands were 
not the same as those in the case of the water solutions, as was 
found in the case of the ethyl and methyl alcohol solutions. This 
therefore confirms the conclusion that, in the solution, there is 
probably formed some simple solvate. 

Below is given the limit of transmission in the red, as the con- 
centration of the amyl alcohol solution of cobalt nitrate was 
increased by equal amounts as far as saturation: 


X 7380 7279 
7360 7212 
A 7329 XA 7109 
Xv 7312 A 7OI4 
SUMMARY 


The results obtained with the solutions of cobalt acetate, cobalt 
nitrate, and cobalt ates confirm the conclusions reached from 
the previous work, viz. 

1. The absorption n light by the solutions studied was due to 
at least two different kinds of absorbers, one of which was the 
molecule and another the atom. 

2. The absorption spectra of these salts in solution depend to a 


great extent upon the solvent, which fade dey forms some simple 
solvate. 


SHEFFIELD SCIENTIFIC SCHOOL 
YALE UNIVERSITY 
November 1910 


GIOVANNI VIRGINIO SCHIAPARELLI 


MINOR CONTRIBUTIONS AND NOTES 


GIOVANNI VIRGINIO SCHIAPARELLI 


G. V. Schiaparelli was born in Savigliano (province of Cuneo 
in Piedmont) on March 14, 1835. Beginning his studies in Savig- 
liano, he continued them in Turin, where he followed the courses 
in civil engineering, taking the degree in 1854. In the two follow- 
ing years Schiaparelli taught mathematics, and studied modern 
languages and astronomy. He felt greatly attracted to this 
science and was not diverted from it, although favorable opportu- 
nities in another kind of work were opened to him by someone who 
had discovered in the youth of twenty years an extraordinary 
talent, strong purpose, noble ideas, and faith in their possible 
execution, which led later on to great achievements. In 1857 
the government of Piedmont sent him to study astronomy in 
Berlin and Pulkowa under Encke, O. Struve, and Winnecke. 
There he spent three years in researches in theoretical and practical 
astronomy, as well as in various other branches of science, as 
mathematics, geography, and physics. In 1860 he was called 
as second astronomer to the Observatory of Brera in Milan, and 
two years later succeeded Francesco Carlini as director. He 
remained in charge until 1900, when, after forty years of service, 
he asked to be retired. Thereafter he lived privately in Milan, 
until his death on July 4, rgto. 

From this bare description of the life of Schiaparelli we see 
that two periods are prominent: one, of twenty-five years, from 
1835 to 1860; the other, of fifty years, from 1860 to 1910. In the 
first, the man grows, studies, and prepares himself for life; in 
the:second, he works up to his last breath, without a rest, and always 
for science. The history of the first forty years of this second 
period has been recorded by thirty-six Italian astronomers in the 
quarto memoir of 86 pages issued in tgoo on the occasion of his 
retirement from the observatory, and bearing the title, All’ Astro-- 
nomo G. V. Schiaparelli—Omaggio—30 Giugno 1860—30 Giugno 
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1900. The activity of the great astronomer during the forty 
years is well described in that publication, which gives for each 
year a list of his numerous contributions to science (in all, 236 
numbers). ‘The esteem in which he was held by his contempo- 
raries is sufficiently indicated by the enumeration there given of 
the forty-eight learned societies which made him their associate 
and by the honorary degrees conferred upon him. 

It is hard to believe that the lifetime of one man was sufficient 
to give the world all the various scientific productions of Schia- 
parelli. These are perfected in each detail, as condensed in thought 
as Latin classics, elegant in form, clear as to formulae and tables, 
neat as to drawings, easy and smooth in style. A single year of 
his activity would be enough to make an astronomer famous; 
and not only an astronomer, but also a geodesist, meteorologist, 
historian, or mathematician. 

Entering as astronomer in Milan and having old instruments, 
the equatorial sector of Sisson and the meridian circle of Starke, 
each with a telescope of four inches, he discovers with the first 
the sixty-ninth asteroid, Esperia, and observes with the second 
the stars of the zone +6° and —2° of declination, before the Astro- 
nomische Gesellschaft had been organized for the observations of 
all zones of Argelander. He does not stop at his observations, 
but reduces and computes them, reaching results that increase 
our astronomical patrimony. In this way we have now the trans- 
lation of the classic memoir of Encke on the determination of an 
elliptical orbit with three observations, and the star-catalogue for 
the equinox of 1870 observed and reduced by him and his successor, 
Giovanni Celoria (Publications of Brera, No. XLI). | 

The young astronomer was already well known in 1862, in 
spite of his great modesty and retired life. The clever men who 
at this time ruled, not only over little Piedmont, but also over 
new Italy, recognized the worth of the man and provided him with 
a better instrument, the well-known equatorial of Merz, 8 inches 
in aperture. Schiaparelli tries the instrument on Mars in 1877, 
and lays out great programs of work, all of which he accomplishes. 
Hence we have today in the first five memoirs on Mars printed in the 
Lincei and in his measures of double stars in the Publications of 
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Brera, No. XX XIII, a permanent memorial, increasing the field of 
knowledge in physical astronomy and in the astronomy of position. 
While accumulating observations at every moment of the clear 
nights, never resting; while he is preparing the material for future 
works, almost fearing the want of stones for his great edifice in the 
field of practical astronomy, he writes the famous letters to Father 
Secchi, and concludes his theory on the shooting stars which made 
his name famous. And he writes, almost as a relaxation from his 
persistent observing: J precursori di Copernico nell’ Antichitd, 
and Le sfere omocentriche di Eudosso, di Callippo e di Aristotele. 
He divines and proves the cosmical origin of meteors and their 
connection with the comets, giving a splendid demonstration of the 
genesis of meteoric swarms from the disaggregation of the comets. 
To the ancient Greek school he ascribed the first honor of the helio- 
centric hypothesis. He also corrects the view as to the homocen- 
tric spheres which had not been understood by the historians, 
whose knowledge of mathematics and language was not sufficient 
to explain those ideas, so that in ridicule they made of them the 
famous crystalline spheres. 

Despite this great intellectual activity, Schiaparelli keeps in 
touch with the world and advances with it, finding joy in his 
- family life and in the education of his sons. He maintains close 
association with his colleagues, with the academies, and with the 
famous men of his time, such as Secchi, Struve, Dembowski, 
Donati, De Gasparis, and Baeyer. With the last named, and with 
other members of the International Geodetic Association (of 
which he became a member in 1864) he co-operates for the advance- 
ment of the geodetic survey. His help and advice are freely 
accorded to all. W. Tempel is given a position in his observatory 
and then sent to Arcetri; Father Denza receives his effective co- 
operation in his propaganda for cosmic meteorology; the Observa- 
tory of Padua obtains the equatorial of Dembowski; Antonio 
Favaro has Schiaparelli as consulting co-operator in the national 
edition of the Opere di Galileo Galilet; C. A. Nallino, with the help 
of the Brera Observatory, is sent to the Escurial to copy in 
that library the only existing Arabic text of Al-Battani, which 
copy is then printed in No. XL of the Publications of Brera. 
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Examples like these could be multiplied in great number. His 
latest service was given to the new Italian Astronomical Society, 
especially when the worthy astronomer of Teramo became its 
president. It is with emotion that we read his last work (the 
life of Ignazio Porro) in the Review of the society, in the number for 
July of this year. In the last days of May, while sending it to 
Vincenzo Cerulli, he foresees his end, and writes to him: 


A me preme di mostrare col fatto che, malgrado il mio stato di crescente 
infermita, io conservo sempre il desiderio di far cosa grata a Lei ed utile alla 
Rivista. Caro amico, questa orribile primavera mi ha assassinato: i miei 
acciacchi crescono: ai vecchi se ne aggiungono di nuovi: presto verra per me 
il tempo di dire: Fuimus Troés..... 


To the skilful direction of Schiaparelli we owe collective works 
worthy of the greatest observatory, endowed with much more 
means than the one of Brera: for instance, the Effemerid1 astrono- 
miche di Milano, which were abandoned for the sake of other pub- 
lications such as the Pubblicazioni del Reale Osservatorio di Brera 
in Milano, which began in 1873. With this great and continuous 
program are connected many special researches which, presented 
modestly before academies, or in scientific and popular reviews, 
treat of new facts deduced from his observations. Such are the 
rotation of Mercury and Venus in times equal to their sidereal 
revolution, the appearances of the rings of Saturn, the ellipticity 
of Uranus; or he writes to oppose wrong interpretations of phe- 
nomena which have not actually happened, as the change in color 
of Sirtus, concerning which he sent to the Academy of Rovereto 
in 1896-1897 the two classic papers entitled “‘ Rubra canicula.” 


Let us go back to his observatory in 1878 and we shall see that 
Schiaparelli, already made famous by his researches with the 
8-inch telescope, asked the Italian government for the means for 
purchasing a more powerful instrument. His wish was hardly 
expressed" before he obtained the approval by King Humbert of 
the act under which the Senate and the Chamber proposed to 
purchase and place in the Observatory of Brera a refractor of 
18 inches aperture. The new instrument arrives in Milan in 
1882, but difficulty in the construction of the dome delays the use 


MINOR CONTRIBUTIONS AND NOTES 317 


of it until 1886, fourteen years before Schiaparelli leaves the observ- 
atory. ‘The history of fourteen years of observations with the great 
Merz-Repsold refractor is recorded in two memoirs of the Lincei on 
Mars, the last of which has just now been published in 1910, and in 
the volume on double stars which is publication No. XLVI of Brera, 
for the year 1909. For many of the most interesting binaries the 
measures are repeated year after year, so that we have a valuable 
and almost continuous record, made by a single observer, through 
a considerable length of time, of the motion of those systems. The 
close of the introduction to this work reveals once more the man. 
There he remembers the help given to him for this publication with 
brotherly benevolence by his friend and colleague, G. Celoria, and 
calls Otto Struve and Ercole Dembowski his masters in the subject 
of double stars. 

Schiaparelli’s broad interest in humanity is illustrated by the 
following quotation from one of his letters, written in 1900: 

Science, which is now only in its beginning, has already brought many 


material benefits to humanity, but much greater will be the measure of all the 
good that it wil! be able to procure, especially for moral progress. 


The life of the indefatigable man is declining, his sight-is weak- 
ening, more and more, and he is obliged to discontinue observing, 
but still he does not rest after his retirement from official life. 
His broad culture is again emphasized when he writes in the 
Manuali Hoepli the history of the Hebrew astronomy (“‘L’astro-. 
nomia nell’ antico Testamento’’), discussing the original texts 
written in that language. From the Arabians, Greeks, and 
Hebrews he goes to the Babylonians and writes for the review 
Scientia (1908) the two studies: “I primordi dell’ astronomia presso i 
Babilonesi”’ and “‘I progressi dell’ astronomia presso i Babilonesi.”’ 
Remarkable is the conclusion of this last article, which condenses 
in few words the astronomical history of twenty-five centuries, 
from 600 B.c. to the present day. He writes: 

Concluding briefly, we will say that the true merit of the Babylonians 
was to establish in empirical form, with continuous observations and with the 
art of computing, the first basis of scientific astronomy. Starting from this 


point, the Grecians created geometrical astronomy, that is, the description of 
the arrangement and forms of the celestial movements. This found its cul- 
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mination and perfection in Copernicus and Kepler; after which Newton, 
starting from Galileo’s principles of mechanics, showed how to deduce all the 
laws of these movements from the one physical cause, gravitation. This 
mechanical astronomy seems to have reached its highest point in regard to 
principles; but in the application there is a long way to go yet, since we 
have to study not only the planetary system, but also all the stellar systems: 
a formidable problem, the first lines of which are only now beginning to be 


laid down. 
To this third stadium recently a fourth one has been connected—astro- 


DlysiCs, eee 


Schiaparelli felt intuitively the great importance of this branch 
of astronomy, and although it was impossible for him, owing to 
his advanced age, to take an active part in its development, 
still he followed with the greatest interest the rapid progress 
of the new science. In his last days he spoke with enthusiasm 
of the new and powerful developments in his beloved science, 
especially appreciating the work of American astronomers, and 
admiring not only the great facilities they secured, but also the 
tenacity of their scientific purpose in making these powerful 
means effective. 

Schiaparelli appreciated highly the visit made by Mr. Hale 
at his house in Via Fatebenefratelli, just about a year ago. | 


Honors and prizes were never sought by Schiaparelli, but he 
nevertheless received many of them. But so far as he was con- 
cerned, they would be unknown to others, since he thought he 
did not deserve them, holding it to be his duty to do all in his 
power without expecting any other reward. ‘“‘Omni enim habenti 
dabitur” (Matt. 25:29). He had numerous civil, national, and 
foreign honors. He was made senator of the Kingdom of Italy 
in 1889, but he was not sworn in until nine years later, since he 
could not reconcile himself to the idea that he should have to make 
laws for men, while he was accustomed to say: “I know only very 
little those of the skies!” Three gold medals (Italian, English, 
and German) and two Lalande prizes from the Institut de France, 
in 1868, 1872, 1876, and in 1890, attest to the esteem in which he 
was held by his contemporaries. Another evidence of this was 
shown in the anxiety felt by the whole intellectual world during 
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his short sickness, indicated by the Italian and foreign newspapers 
of the first days of last July. On the morning of July 4 his soul 
left his frail body: ‘‘Spiritus ubi vult spirat, et vocem ejus audis”’ 
(John 3:8). We hear and shall continue to hear his voice in his 
works. 

He died on a day of brilliant sunshine, at a short distance from 
the Observatory of Brera, which he had made famous. He seemed 
to sleep in sweet resignation among his sons, relatives, and friends, 
in his bright and quiet room. The funeral services were simple, 
as requested by the deceased, who had no taste for ostentation, 
but they were solemn for the company of distinguished men of 
Milan and elsewhere, and for people of all classes. Now his mortal 
remains lie in a secluded place in the cemetery of Milan, but his 
spirit is sufficient to keep the mind of the learned world awake: 
he lives forever. 


A. 


ON THE TEMPERATURES OF STARS 


The good feeling with which Professor Wilsing writes relating 
to my criticisms of the work of Wilsing and Scheiner, and the 
important corrections which he has determined, which go so far 
toward reconciling certain discrepancies, have pleased and inter- 
ested me greatly. I am emboldened to venture a little farther, 
however, taking as my text the following quotation from Professor 
Wilsing: “From Mr. Abbot’s remark, ‘It seems misleading to 
compute temperatures from a spectral range of only o.2 »,’ it 
would seem that he has not considered the form of the equations 
of condition from which the temperatures are determined.” 

I had less in mind the mathematics of the matter than the 
march of the sun’s energy-curve. Suppose that one observer 
should use photographic methods and determine by observations 
at five wave-lengths the form of the sun’s energy-curve outside 
the atmosphere from A=o.3 # to A=0.5 #, and another should 
use visual methods and determine it from A=o.5 # to A=0.7 pM. 
Let us suppose further that the results of each observer should 
agree with the mean results of our bolometric work on Mount 
Wilson and Mount Whitney, which I take roughly as follows from 
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a curve to be given in a book on The Sun which I hope will be soon 
forthcoming: 


py b b Ke re b b | bo be 
Wave-length..... 0.301} 0.35 | 0.40 | 0545 10250) O55 oes 


Intensity.ccocmen Lisz es aero 210 9) (210 Rito i 


The supposed two investigators might proceed to determine the 
solar temperature by the formula 


ieee: Beit: A; ¢ log ( I -+) 
E, Wie yp 
according to the method of least squares. 

If I make no error their results would be (for c= 14,200) T= 3932° 
and T= 6900°, respectively. If the first observer should reject the 
observation at o.30 # and the second should reject the observation 
at o.70 « the results would be T= 5142° and T= 7056", respectively. 

Keeping all the observations, the results differ by about 3000, 
and keeping four of each set, they differ by about 2c000°. In 
either case the divergence seems very large. 

Professor Wilsing will perhaps rejoin that the first observer 
should have known better than to take his observations in a region 
full of Fraunhofer lines, and so, of course, he should. But if 
the sun had been a star of the third or fourth type, would not the 
second observer or even one observing from A=0.45 # to A=0.65 » 
encounter the same difficulty ? On the other hand, do we know 
that the energy-spectra of stars of the first type are free from 
peculiarities of a similar tendency, though not of a similar cause? 
In other words, can we be sure that the region of spectrum A=0.45 # 
to A=o.65 » may be assumed typical of their general energy- 
distribution, so that it may serve to indicate their approximate 
temperatures? Indeed, may not the stars of the second type itself 
differ so much in the effects of their selective absorption and general 
scattering that in many of them the energy-distribution from A= 
0.45 # to A=0.65 p» gives a false view of their temperatures ? ) 

It is with considerations like these in mind that I am led to 
believe that we shall do well to mistranslate the title of the valuable 
work of Wilsing and Scheiner, and to read “‘Determination of the 
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Spectral Distribution of the Visible Radiation”’ rather than ‘‘Tem- 


perature Determination.”’ 
C. G. ABBOT 


SMITHSONIAN STATION 
Mount WIrson, Cat. 
October 21, 1910 


NOTE ON BELL’S PAPER ON STAR COLORS 


I have read Mr. Louis Bell’s paper entitled “‘Star Colors: A | 
Study in Physiological Optics,” in your issue of April last (31, 
234-257, IQI0). 

It is true that in the first half of the last century, several double- 
star observers were fantastic in assigning colors to double stars; 
W. Struve and Smyth being perhaps the most so. The greater 
number of modern observers, including Burnham, Hussey, and 
Aitken, are most sparing in noting the colors of double stars. 
Thus the excess of fancy to which Mr. Bell justly objects is not a 
fault of today. ‘Still, I venture to believe that the astronomer 
should record the colors of the stars he observes, but only on the 
modest “Chandler” scale varying from white (steely bluish) 
through yellow and orange to red, adding ‘‘b”’ for bluish and ““B”’ 
for quite blue. It is probable enough that whenever “‘b”’ or “‘B” 
has been used by myself a subjective effect is present.. I have 
_ never swept upon nor seen a decidedly blue, purple, or green 
isolated star. White (or what many people call steely blue), 
yellow, orange, and red, or mixtures thereof, are the only colors 
so found. To Mr. Bell’s laboratory experiments we can add a 
celestial one which was produced by the near approach of the 
ruddy Mars to the yellow binary y Virginis in March 1903. Mars 
was then 4 or 5 on Chandler’s scale, y Virginis was decidedly 
bluish (see Cape Annals, 2, p. xc). 

But all the cases presented by double stars will not fit in with a 
purely subjective theory. In the great cluster around x Carinae 
(the finest coarse cluster in the sky) there is one exceedingly red 
star and several yellowish stars, but there are no bluish or blue 
stars whatever. In the great cluster A 597 Scorpii, there are 
some yellow stars, but no bluish or blue stars. Thus, although a 
contrast of color is present in both cases, it leads to nothing. In 
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the pair @ Centauri, the brighter star is quite yellow, the fainter 
star is, however, yellower, and this is only a typical case. The 
pair @ Circini has been described as follows: 


Bright Star Faint Star 
Jj ilerschelo-:..coenee White Yellow 
Russell hie) ca eee Faint Yellow Orange 
Tnnes: 4), oak aie Sa eee 2 (yellowish) 7% (decidedly reddish) 


The 6” faint companion to x, Fornacis is an orange-red star. 
Again, many stars quite yellow have companions which are only 
slightly bluish, while some nearly white stars have very blue 
companions; thus the 5” pair # 3891 has a white primary with a 
tinge of yellow, while the smaller star is decidedly blue. 

R. T. A. INNES 


TRANSVAAL OBSERVATORY 
September 13, 1910 


REVIEWS 


The Scientific Papers of Sir William Huggins. Edited by Sir 
WILLIAM AND Lavy Hucerns. London: William Wesley & 
Sons, 1909. Quarto. Pp. xii+539, with photogravure por- 
traits and many illustrations. 30s. 


The publication of this splendid volume is justly a ground of general 
congratulation: to the distinguished author and his efficient coadjutor, 
that they have been permitted! to arrange in an appropriate, permanent 
manner these records of the devotion of a lifetime to science; to present 
and future workers in the field, that these pioneer researches of astro- 
physics are available for the consultation and study which their funda- 
mental quality and historical importance will always require. The 
subtitle, ‘Publications of Sir William Huggins’s Observatory, Vol. IT,” 
relates the work properly to its preceding volume, published ten years 
ago, An Ailas of Representative Stellar Spectra from 4870 to X 3300, 
Together with a Discussion of the Evolutional Order of the Stars, and the 
Interpretation of Their Spectra That volume laid especial emphasis 
upon the reproductions of the spectra, many of them classical, and their 
discussion; this collects the published papers on the work done at the 
observatory in the half-century since its foundation in 1856. The 
papers are arranged by subjects, in eleven sections, generally following 
chronological order under each section. All the papers are reprinted 
as they appeared, in full, without alteration or omission. In some cases, 
where it appeared desirable to the editors, short notes are added. These, 
it is hardly necessary to say, lend an increased value to the original 
statements. The topics of the sections are as follows: I, Observatory 
and Instruments, 32 pp.; II, Spectra of the Fixed Stars, 68 pp.; III, 
Spectra of Nebulae, 90 pp.; IV, Motion in the Line of Sight, 41 pp.; 
V, New or Temporary Stars, 25 pp.; VI, Spectra of Comets, 39 pp.; 
VII, Sun and Corona, 54 pp.; VIII, Moon, Planets, and Aurora, 38 pp.; 
IX, Chemical Spectra, 64 pp.; X, Miscellaneous, 20 pp.; XI, Lectures 
and Addresses, 60 pp. 

With this great range of research in new fields, it is not easy to select 

t Written before the lamented decease of Sir William. 

2 Also published by Wesley. Folio, cloth. Price £1:5s., net. 
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the chapters of greatest appeal and importance. The line of the reader’s 
own work or interest will be to some extent controlling. It is evident 
that there is fundamental matter enough to cover most of the field of 
astrophysics. The very quality of the book makes it especially difficult 
to review, for the fascination of reading and re-reading some of these 
classical expositions of the progress of investigations in these unexplored 
regions of knowledge precludes the use of the reviewer’s pen. 

However, the chapters on the application of spectroscopy to the 
nebulae, to the fixed stars, and to the sun, and that on motion in the 
line of sight, record the most significant of the Huggins’ discoveries. 
There is a temptation to quote liberally from them, but that would 
involve far too much space: one would scarcely know how to stop. 
The volume should be read by all who are at work in this field, and in 
its borderlands physicists and chemists will find much to attract and 
interest them. The charm of the lectures and addresses will appeal 
to all caring for the history of science, but not desiring to follow all the 
details of the original papers. 

There is a fine spirit of patience and calmness throughout the work 
of the author. He does not rush into print to anticipate his contempo- 
raries. Thus twelve years intervene between the paper “‘On the Spectra 
of Some of the Fixed Stars” (in collaboration with Dr. W. A. Miller), 
1864, and the first paper ‘‘On the Photographic Spectra of Stars,” 1876. 
Part II of this last does not appear until 1880. He has meanwhile been 
working on the spectra of nebulae and other objects, of course; but his 
method is inductive, built upon personal observations slowly, pains- 
takingly but not painfully, gathered with what now would be considered 
wholly inadequate instruments, in an unfavorable climate. We of the 
present day would consider it almost hopeless to derive positive informa- 
tion from the visual study of the feeble, flickering band of spectrum pro- 
duced by a small spectroscope attached to an eight-inch refractor. 

Sir William Huggins was always alert for new developments by 
other workers in his special science and its cognate branches, physics 
and chemistry; and his application of such new findings was always 
keen. His position in regard to his contemporaries was frank and 
generous, and rarely controversial. He frequently felt it necessary, 
however, to test by the most precise possible measurements the deduc- 
tions of one of his fellow-pioneers, whose genius at times leaped the 
barriers of direct demonstration and found confirmation of theories in 
data of insufficient accuracy. 

The volume is illustrated with the diagrams and maps accompany- 
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ing the original papers, and is greatly embellished by excellent photo- 
gravures of the two authors. 

The printing is excellent, as would be expected. The volume unfor- 
tunately could not well be made to match the style of Vol. I, which had 
to be larger to include on a sufficient scale the many reproductions of 
plates of spectra. But the series of publications of the Tulse Hill 
Observatory ends with these two noble books, which record in conven- 
iently accessible, permanent form the original statements of some of 
the greatest advances in astronomy of the nineteenth century. 

The teacher whose time may be too fully occupied with classroom 
work, or whose equipment may seem too meager, for personal work in 
research will derive from the repeated study of these volumes a new 
inspiration for his efforts, which cannot fail to impress his students 
afresh with the marvel of the revelations of the spectroscope in its 


astronomical applications. 
KBr: 


Achit Vorlesungen tiber theoretische Physik. Von MAx PLANCK. 
eile tiie 1010. Sv0, pp. 127, figs..5. M. 3.60; 
bound, M. 4.20. 


Die Einhett des phystkalischen Weltbildes. Von Max PLANCK. 
Leipzig: S. Hirzel, 1909. 8vo, pp. 38. | M. 1.25. 

The publication of these lectures by one of the most stimulating 
-and successful of the professors at Berlin makes them available to a far 
wider circle than that which was able to hear them—at Columbia 
University in case of the eight first named, and at Leyden in case of the 
last. 

They are written in the clear and logical style of their author, and in 
print they add much to the agreeable impression received by their hearers. 
The topics of the Columbia lectures are as follows: (1) Reversibility and 
Irreversibility; (2) Thermodynamic Conditions of Equilibrium in Dilute 
Solutions; (3) Atomic Theory of Matter; (4) Characteristic Equation of 
a Monatomic Gas; (5) Electrodynamic Theory of Heat Radiation; (6) 
Statistical Theory of Heat Radiation; (7) Principle of Least Action; 
(8) Principle of Relativity. 

The Leyden lecture deals with the unity which the modern physicist 
regards as basic in his conception of the universe. The author traces 
some of the lines along which this physical conception may be expected 
to develop in future. He concludes with an affirmation of the objec- 
tivity of the laws of nature. 


326 REVIEWS 


The lectures are handsomely printed, the first set in Latin type, the 
pamphlet in that attractive variation of the Latin occasionally used by 


the Germans for semi-popular works. 
EB aie 


The Natural History and Scientific Book Circular No. 145. London: 
William Wesley & Sons, r910. Pp. 120. Is. 


This catalogue of manuscripts, books, and pamphlets on astronomy 
is of permanent value. The 3641 numbers are classified and arranged 
in sections of a few pages each, astrophysics being represented by more 
than 600 titles, while stellar astronomy has nearly as many. About 
750 deal with the solar system and goo with spherical, practical, and 
theoretical astronomy. ‘The remainder consist of general works and 
periodical publications and an unusually complete and interesting 
selection of the older writers up to the middle of the eighteenth century. 
The latter section appeals to the epicure on the lookout for a find; the 
seeker of a particular book may prefer a quick lunch on a single long 
list of authors alphabetically arranged. 

While the plan of the catalogue necessitates some duplication of 
titles—for such books as the Selenographia of Hevelius must obviously 
appear in at least two places—it makes the book worthy of a modest 
space on the shelf by the side of Houzeau’s Vade Mecum. It is neatly 


bound and is sold for a shilling. 
R. W. WILLSON 


Tables du Bulletin de la Société belge d’astronomie (1895-1909). 
By AUGUSTE COLLARD. Brussels: G. Van Oest & Cie., 1910. 
OVO, pp. L230. Papergiis 


This is a general index by subjects and by authors to Vols. I-XIV 
of the Bulletin—all that were published before the Bulletin was merged 
with Ciel et Terre in January of this year. It is the fourth of a series of 
twenty general indices of Belgian publications to be published by the 
Association des archivistes et bibliothécaires belges. As there are sixteen 
indices yet to appear, presumably following the same general plan, it 
may be of use to point out what seems to be a serious fault. The 
subject index does not give volume and page directly, but refers to the 
author index for them, and thus doubles the work of consulting it 
without any saving in space whatever. There is other evidence that the 
subject index has been less carefully treated than the author index. 
The appearance of the catch-words Manora, Paris, Rio Janeiro, Yale, 
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etc., leads one to expect to find other observatories listed under Belgique, 
Harvard, Lick, Yerkes, but in vain; they, with others, are to be found 
only under “Observatoire.” Now, if under the latter catch-word were 
listed all titles properly coming under this head, no great harm might 
be done. This is unfortunately not the case; see, for instance, Green- 


wich, Grenade, Meudon, and Uccle. 
Rede ped ty 


Geographical Essays. By Witttam Morris Davis. Boston: Ginn 
& Co., 1909. Pp. 777, with 130 diagrams. $2.75. 

At the close of Professor Davis’ course of lectures at the University 
of Berlin last winter, a German professor was asked what sort of impres- 
sion Professor Davis had made upon the Germans. He replied with great 
enthusiasm, ‘‘Prachtvoll!”? The same term might well be applied to the 
impression produced by this collection of essays. The essays are espe- 
cially adapted to the use of advanced students and teachers of physical 
geography, but their style is so clear, concise, and interesting that they 
furnish good reading for anyone, whether especially interested in geog- 
raphy or not. 

The book is divided into two parts: Part I, ‘‘Educational Essays”’; 
Part II, ‘‘Physiographic Essays.’ In the first part Professor Davis 
appears as a pioneer defining his subject in ‘‘An Inductive Study of the 
Content of Geography”; pleading for the introduction of physical geog- 
_ raphy into school, college, and university, in five essays; and dealing with 
the methods of teaching geography in four more. 

In Part II are found some of the results of Professor Davis’ researches. 
The three essays on ‘‘The Geographical Cycle” read like an interesting 
story. Such general subjects as plains, rivers and valleys, river-terraces, 
and glacial action are treated, and several essays are devoted to the geo- 
graphical investigation of special regions ranging from ‘“‘The Outline of 
Cape Cod” to ‘“‘The Mountain Ranges of the Great Basin.” 

These essays are not new, but have been collected from twenty different 
sources and are now rendered more conveniently accessible in this one 


volume. 
FREDERICK SLOCUM 
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THE MAGNETIC SEPARATION OF ABSORPTION LINES 
IN CONNECTION .WITH SUN-SPOT SPECTRA‘ 
By P. ZEEMAN ann B. WINAWER 


1. As a consequence of the intimate connection between emission 
and absorption, there exists, closely corresponding to the magnetic 
separation of emission lines, a magnetic division of absorption lines. 
The dark lines which appear in a continuous spectrum, if a beam 
of white light traverses an absorbing flame, are divided and polar- 
ized under the influence of magnetic forces in exactly the same 
way as the emission lines. This correspondence between emission 
and absorption was shown to exist in some of the earliest experi- 
ments on the subject by one of the present authors. Our knowl- 
edge of emission spectra under magnetic influence has since been 
extended considerably. ‘The experimental study of the inverse 
effect, i.e., the magnetic division of absorption lines, has however 
advanced less. 

After the first experiments of the first-named of the authors of 
this paper, the change of absorption lines in a magnetic field was 
studied by K6nig? and Cotton;3 Righi* made an elaborate study 

« Paper presented in three parts to the Royal Academy of Sciences of Amsterdam. 
From the Proceedings of the Meetings of Jan. 29, Feb. 26, May 28, and June 25, 1910. 

2 Annalen der Physik, 62, 240, 1897. 

3 Eclairage électrique, 5 et 26 mars 1808. 


4“Sul fenomeno di Zeeman nel caso generale d’un raggio luminosa comunque 
inclinato sulla direzione della forza magnetica,’’ Mem. di. Bologna, 17 Dicembre 1899. 
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of the subject, to which we have to return later on. It contains 
the only investigation of the magnetic effect in a direction inclined 
to the lines of force. Closely connected with our subject are finally 
some observations by Lodge and Daviest on the influence of a 
magnetic field on flames emitting “‘reversed”’ lines. 

The consideration of the inverse effect forms the basis of Voigt’s 
magneto-optical ‘theories;? and it is considered also by Lorentz’ 
in his investigation of the magnetic separation in a direction inclined 
to the line of force. 

Theory indicates different points, which may be tested by 
experiment. The inverse effect has become of supreme interest in 
solar physics, since Hale’s‘ discovery that the dark lines of the sun- 

spot spectrum exhibit the characteristic 


a-| =e] re erate De phenomena of magnetic separation. 
Bela ee The experiments we intend to de- 
scribe in the present communication 
AY, [ete relate to the division of the sodium 
| | fe * lines D, and D,. Some of our results 
Vroe may already be found in the work of 


the authors cited, but in order to 
present the subject in a connected form it seemed necessary not 
to exclude these. 

The facts now ascertained in combination with former results 
appear to be of some value in explaining peculiarities observed in 
sun-spot spectra. Some instances will be given later on. 

2. Type and relative amount of the magnetic division of the 
sodium emission lines, D, and D,, are given in Fig. tr. 

a represents the observations when the line of sight is at right 
angles to the magnetic field, 6 when it is parallel to the field. 

In a weak magnetic field, D, exhibits the triplet type at right 
angles to the field; the doublet type, if the light is examined parallel 
to the lines of force. D, seems to exhibit a doublet in both principal 
directions. | 

* Proc. Roy. Soc., 61, 413, 1897. 

? Magneto- und Elekirooptik, chap. iv and the papers there cited. 


3 Proceedings of the Royal Academy of Sciences of Amsterdam, 12, 321, 1909. 


4“On the Probable Existence of a Magnetic Field in Sun-Spots,’’ Contributions 
from the Mount Wilson Solar Observatory, No. 30; Astrophysical Journal, 28, 315, 1908. 
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The Fraunhofer lines in the spectra of sun-spots investigated by 
Hale are either broadened, or changed to doublets (often incom- 
pletely resolved quartets), or to triplets. The resolutions exhibited 
by sodium vapor are therefore the very types of special importance 
to astrophysics; this and also the facility of producing sodium 
vapor in the magnetic field induced us to commence our experiments 
with this substance. 

3. The explanation of the inverse effect is easily understood by 
means of the well-known law of resonance. If there are in a flame 
under the influence of a magnetic field three periods of free vibra- 
tions, then we may expect that from incident white light, vibrations 
of just these three periods will be taken away. The absorption 
is a selective one, with the peculiarity that the selection refers not 
only to the period but also to the direction of vibration. Consider 
for example the central component of a triplet which in the emission 
spectrum is due to vibrations parallel to the field. From incident 
white light, only vibrations corresponding as to period, as well as to 
direction of vibration with the middle component, are absorbed. 
Vibrations perpendicular to the field, though of the period of the 
unmodified line, pass unimpeded. On the contrary, white light 
of periods coinciding with those of the outer components is deprived 
of its vertical constituents only. 

It will be clear from these very simple considerations what we 
may expect to observe with white light under the conditions of the 
experiment. The arrangement was the following: White light of 
the incandescent positive pole of an arc lamp traverses a sodium 
flame, placed between the poles of a Du Bois electromagnet. This 
light is analyzed by means of a stigmatic spectroscope having a large 
Rowland grating. The observations are made in the first order. 

If the observation is made at right angles to the lines. of force, 
we see in the continuous spectrum four dark components in the 
case of D,, six dark components in the case of D., as represented for 
both lines under a in the diagrammatical Fig.1. In order to observe 
all these components the field must be strong and the vapor-density 
adapted to the field. ‘The groups of lines indicated by 0 are seen, 
if the light is examined axially. All these components, if narrow, 
are seen only diffuse and not black. From the considerations above 
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given the reason will be clear at once: each of the components 
absorbs only half the incident natural light. With very diluted 
vapor no absorption at all or only very weak traces of absorption 
are seen. | 

4. The introduction of a nicol in the beam, before or after the 
field, entirely changes the phenomenon. The absorption lines can 
then be seen very narrow and black. Let the observation be made 
at right angles to the horizontal field, then, if the nicol is placed 
with its plane of vibration vertical, D, exhibits its two, D, its four 
outer components. After a rotation of the nicol through 90° 
both D, and D, give only the two horizontally vibrating components. 

Let a beam of natural white light traverse axially the mag- 
netized vapor placed between the perforated poles of an electro- 
magnet. Then by means of a quarter-wave plate and a nicol we 
may quench either the right-handed or the left-handed circularly 
polarized component. | 

A combination of a quarter-wave plate and a nicol, converting 
incident light into right-handed circularly polarized light, may be 
called a right-handed circular analyzer. The absorption line corre- 
sponding to a right-handed circularly polarized component is seen 
with both increased clearness and darkness by examining it with a 
right-handed circular analyzer. We introduce this simple matter 
here because there has been occasionally some confusion on this 
subject. 

5. The behavior of horizontal and vertical vibrations may be 
studied simultaneously by using a calc-spar rhomb, according to 
the suggestion of Cornu and Kénig. By means of it we can obtain 
two oppositely polarized images of a horizontal slit of suitable 
width, placed near the magnetic field. Right-handed and left- 
handed circular vibrations can be separated on the same plan by 
the introduction of a Fresnel rhomb between the calc-spar and the 
slit of the spectroscope. | 

It is, however, of considerable interest to examine also the 
behavior of the lines in natural light. A separate examination 
after the removal of the polarizers might be made. The vapor- 
density ought to be the same in both experiments. It seems 
difficult to realize this, in practice. 
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The desired end is secured more simply and surely, and with 
only half the labor, by adopting the width of the horizontal slit 
and the thickness of the calc-spar in such a manner that the two 
images given by the calc-spar partially overlap. We now obtain 
three strips; the central one exhibits the phenomena as seen with- 
out polarizing apparatus (see Fig. 2). The upper and lower 
strips show the influence of polarized light on the phenomenon. 

The observations given in this communication have been made 
by the method described. By its use all particulars of the phenom- 
enon are simultaneously exhibited; we also succeeded in photo- 
graphing the essential points. Examples of our photographs are 
given on the accompanying plates. 

6. If the absorption lines are not narrow or 


if the magnetic field is weak, the components of | : 
a magnetically divided line will partially overlap. 
This partial superposition is the cause of some aay 
peculiarities, especially manifest in the inverse 

effect and probably also apparent in sun-spot spectra. The nature 
of these peculiarities may be illustrated by a few examples. We 
will consider the case of the magnetic triplet and the magnetic 
doublet. 

In Fig. 3 the curves show the distribution of intensity of the 
three components of a triplet, if the light is examined at right angles 
to the lines of force. If natural light traverses a source of light 
placed in a magnetic field, two black bands are seen, corresponding 
to the wave-length for which vertical as well as horizontal vibrations 
are absorbed. These black bands are surrounded by less dark 
parts, which absorb only one of the principal vibrations, the other 
proceeding unimpeded (see paragraphs 3 and 4). 

If a nicol, with its plane of vibration vertical, is now introduced, 
two black bands are again seen. The darkest part of these com- 
ponents corresponds to the maximum of the curves relating to 
vertical vibrations. As a general rule the distance of the com- 
ponents exceeds that of the lines first considered. 

7. Parallel to the lines of force a partial, not too small, over- 
lapping of the components produces a black line limited by two 
less dark parts. ‘This case is illustrated diagrammatically in Fig. 4. 
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The two components may be separated by a circular analyzer. 
These considerations may be applied to the magnetic division in 
sun-spot spectra; as a general rule we may expect that the separa- 
tion of lines in spot spectra becomes more distinct and of larger 
amount by the use of analyzers. 

The introduction of a nicol in the beam may also reveal lines 
invisible without analyzer. Several peculiarities observed in the 
distribution of intensity in spot lines remind one of the superposi- 
tion phenomena now specified;* see 19 below. 


FIG. 3 Fic. 4 


8. Superposition effects of nearly, though not exactly, the same 
nature occur if lines with the same direction of vibration are super- 
posed and if the continuous source of light emits unpolarized light. 
In the more complicated divisions the superposition now specified 
occurs also. It is just possible that the superposition of the. outer 
components of the sextet, type D., produces only dark, that of the 
inner and the next outer components, black lines in the continuous 
spectrum. It is easily seen that also in the case of the quartet, 
type D,, black lines may be produced. The darkest parts may be 
seen somewhat nearer to the middle of the complete figure than the 
outer components of the quartet. It seems unnecessary to illustrate 


« A figure equivalent to the one now given concerning the influence of superposition 
of magnetically divided components was already drawn for emission lines in Zeeman’s 
“‘Doublets and Triplets in the Spectrum Produced by External Magnetic Forces,” 
Phil. Mag., 44, 55, July 1897. ; 
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this by figures. Examples of the actions specified will be given 
presently. 

g. Our observations and spectrograms also relate to the two 
principal directions (parallel and at right angles to the lines of force), 
and to directions inclined to the field. | 

In the present, first, communication, observations are discussed, 
relating to five different angles between the field and the direction of 
propagation of the beam (Voigt’s ¢, Lorentz’ @). These values are: 
go°, 0, 60°, 45°, 36°-39°. The results of the work relating to these 
angles have been recorded on nearly one hundred spectrograms. 

to. Observations perpendicular to the field. In the upper of 
the three strips which are present in the field of view (see 5), 
the light vibrates vertically; in the lower one, horizontally, where- 
as the middle part relates to natural light. 

Under the influence of the magnetic field we therefore see the 
vertically vibrating components as narrow black lines. The 
quartet of the D, line, the sextet of the D, line may be seen very 
clearly by this method. A small disturbance is produced by the 
narrow reversed lines due to the electric arc-light. The intensity 
of these lines depends upon somewhat variable circumstances of the 
arc itself. In some cases these lines are almost invisible, in other 
cases more prominent. They are to be seen on some of our 
reproductions; with our present subject they have nothing to do. 

As regards the central strip we refer to the remark previously 
made, that the image of the separation must become rather indefi- 
nite, and weak (paragraph 3), because the absorption is only partial. 
The partial superposition of components gives, at least in the case 
of diluted vapor, the most conspicuous lines (6 and 7). In the case 
of the quartet, for example, one sometimes sees, instead of four, 
only two components, situated between the inner and outer ones. 
We made experiments with different vapor-densities. The observed 
phenomena may be classified under three phases: 

t) The vapor is very dilute. ‘The components are clearly visible 
in the upper and lower strips. In the central strip the absorption 
is either hardly perceptible (Plate XVI, Fig. 1) or the com- 
ponents of the quartet and the sextet are seen as separate, but 
weak lines (Plate XVI, Fig. 2). In this phase of the phenomenon 
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the great difference of definiteness of the central and outer regions. 
is very remarkable. This contrast is still more marked with eye 
observation. In order to obtain good photographs, it was necessary 
to increase the density of the vapor above the one required for the 
observation of the very first trace of absorption. 

2) Vapor of intermediate density. The components in the 
upper and lower strips are now no more separately visible, or 
only in the case of the quartet. In the central strip a superposition 
of the kind mentioned in 6 takes place. In place of the quartet 
an apparent doublet is seen, the components of which are situated 
between the outer and inner components of the quartet. This case 
is very clearly represented in Plate XVI, Fig. 3. The phenomena 
exhibited by the sextet (D, line) become rather complicated. The 
superposition phenomenon is often very distinct. The D,, line 
on Plate XVI, Fig. 3, shows the appearance sufficiently. 

3) With still denser vapor, the components become very broad 
and the magnetic change hardly visible. The polarization of the 
edges of the broad line may be recognized. This phase is repre- 
sented in Plate XVI, Fig. 4. It corresponds to the emission effect 
as it was first discovered: a slight change of broad lines in a weak 
field. With still greater absorption the influence of the field becomes 
imperceptible. All these phases appear with great regularity. If 
the intensity of the field is known, it seems possible, the resolving 
power of the spectroscope being given, to deduce the density of the 
vapor from the nature of the observed phenomena. 

The phenomena of magnetic division hitherto observed in 
sun-spots appear to fall under the second and third phases above 
mentioned. From measurements of spot lines, compared with 
laboratory experiments, Hale deduces a maximum intensity of the 
spot field of 4,500 gausses. Hence one would be inclined to think 
that the density in the layers which bring about the absorption in 
the sun-spot spectrum can only be small. Moreover, the non- 
uniformity of the field of sun-spots produces by itself a widening 
of the components. Light from a limited portion of the spot would 
give perhaps very narrow spectral lines. In view, however, of 
the critical remarks of Kayser™ concerning our knowledge of the 

* Kayser, Handbuch der Spectroscopie, 2, Kap. v. 
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influence of pressure and of temperature on spectra, all such con- 
siderations must be put forward with great diffidence. 

t1. Observations parallel to the lines of force. In the present 
experiment the absorbing vapor subjected to magnetic forces is 
placed between perforated poles. 

After putting on the current, one sees in the continuous spectrum 
two dark bands in the case of Dy, four in the case of .D., according to 
the diagrammatical Fig. 1. The absorption is incomplete also 
now, because for some wave-lengths only the right-handed cir- 
cularly polarized light is absorbed and the reverse. In order to 
observe the separation and the polarization a Fresnel rhomb is 
placed with its principal plane at an azimuth of 45° with the 
horizon, a horizontal slit being placed in one of the perforated 
poles. The Fresnel rhomb converts circularly polarized light into 
plane-polarized light. By means of a calc-spar rhomb three strips 
are now also obtained. The first phase (very dilute vapor) is 
represented in Plate XVI, Fig. 5. 

Vapor of intermediate density (second site exhibits the super- 
position phenomena mentioned in 7 and 8 and diagrammatically 
illustrated by Fig. 2. In the central strip one line, at the position 
of the unmodified one, surrounded by feebly absorbing regions, is 
seen. Plate XVI, Fig. 6, shows these lines for the doublet and the 
quartet; especially with D, the effect is very marked. 

12. Observations in directions inclined to the field. According 
to Lorentz’ elementary theory of magnetic division one generally 
observes in a direction oblique to the lines of force by an angle @ 
a triplet with elliptically polarized outer components.” 

The ellipse, which characterizes the state of polarization of the 
components with period T,+2, is the projection on the wave-front 
of the circle perpendicular to the field in which the electron with 
period 7,+v is moving. vis a small quantity. The direction of 
the motion of the moving electron also determines the motion in 
the ellipse. The ratio of the axes is as 1 to cos 9. For the other 
outer component with period 7,—v, the same reasoning holds, 
mutatis mutandis. ‘The central line with the unmodified period 7, 
always remains linearly polarized. The vibrations of the middle 

«Cf. Righi, op. cit. | 
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component are in the plane determined by the ray and the line of 
force and the amplitude of the vibrations is proportional to sin @. 

If we put =o, i.e., in the case of the longitudinal effect, only 
circular motions remain. 

All this applies to very narrow spectral lines in a strong field, 
the distance of the components being much greater than their 
width. According to Voigt and Lorentz we must expect some 
interesting peculiarities if this restriction be discarded. We return 
to this point later on. As a general rule the deductions from 
the elementary theory are verified. Also in the case of the quartet 
and the sextet the outer components become elliptically polarized, 
as has been observed already by Righi.t In contradiction with 
the elementary theory, though not strictly applicable to the case, 
is the very slight diminution of intensity of the middle components 
of the quartet even for 9=45°. 

13. Observations at @=60°. If the observation is made with a 
calc-spar rhomb, the image remains as with the transversal effect. 
Yet the presence of elliptic polarization ought to manifest itself 
by the appearance in the lowest stripe of lines, corresponding to 
the outer components. With very dilute vapor and with that of 
intermediate density, practically no trace of itisseen. Plate XVII, 
Fig. 7, shows the first phase with dilute vapor, Fig. 8 the second 
phase with denser vapor. Only traces of absorption, indicative of 
elliptic polarization, can be seen near D,,. Fig. 8. The ellipticity 
is, however, undoubtedly proved by means of the Fresnel rhomb, 
placed with its principal plane at an azimuth of 45° with the horizon. 
Fig. 9 shows the appearance. | 

The outer components of the quartet toward the red or toward 
the violet, dependent upon the stripe and the direction of the field, — 
are now considerably weakened; in the case of the sextet they have 
vanished altogether. All this proves the elliptical polarization of 
the outer components. For, if the polarization were linear, as 
might be inferred from observations with the calc-spar alone, then 
the observation with calc-spar and rhomb combined ought to show 


* Righi’s observations (of. cit.) all refer to an angle of nearly 55°, the angle at 
which according to the elementary theory the three components of the triplet are of 
equal intensity. 
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no difference between the highest and lowest stripe. The light of 
all plane-polarized components would issue circularly polarized 
from the rhomb, and, the calc-spar making no selection between 
right-handed and left-handed polarizations, the components toward 
red and toward violet would all be alike. Such a condition is 
disproved by photographs such as Fig. 9, Plate XVII. 

14. One point must be considered somewhat more in detail. 
What is the reason that the ellipticity is not shown by the calc-spar 
rhomb alone, whereas its existence is most clearly demonstrated 
by means of the Fresnel rhomb ? 

Let an elliptic vibration with vertical axis 6, horizontal axis a, 
be incident upon the rhomb, the principal plane of which is at an 
azimuth of 45°. It is easily proved that the elliptic vibration issu- 
ing from the Fresnel rhomb has its axes in os same direction as the 


— . : ay 
original motion and a ratio of the axes = h , the original ratio 


=a 
being a If a be small in relation to 6 (an elongated ellipse), then 


the light issues from the Fresnel as a more circular vibration, which 
is more easily analyzed. It depends upon the magnitude of a 


a, —d 
whether 1S greater or less than ey 
We distinguish the following cases: 


COs ¢ 

(1) @ very small, then pe i; é 
(2) a@=0.414 0 prema 
Oana! Sa ey ea 
0=6 76 
(2 et 20.Ar4 0).then,-—— Big ose 


We shall apply these results to the interpretation of our observa- 
tions. Two cases dependent upon the magnitude of a are of prin- 
cipal importance. 

In the first case we can observe the effect of both the axes of the 
ellipse by means of the combination of the Fresnel rhomb and the 
cale-spar (this is the case of the quartet) (Dz, Fig. 9), whereas without 
Fresnel rhomb no effect of the small axis is visible. In the second 
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case the effect of the small axis becomes apparent by the use of the 
calc-spar, whereas its existence cannot be demonstrated with the 


Fresnel, the value of 2 a being too small. This case 1s represented 


by the sextet (D2, Fig. 9, Plate XVII). 

If the observation is made by means of the calc-spar rhomb, we: 
indeed see with dense vapor new components in the lowest strip 
(see Fig. 8, D,). ‘The theoretical import of this result will be dis- 
cussed on another occasion. After introduction of the Fresnel 
rhomb the component to the left of the central line (small axis 
of the ellipse) remains invisible (Fig. 9, D., lower strip). Hence 
we may conclude that at the angle now investigated, the ellipticity 


0 
of the outer components of the sextet (the ratio ») exceeds that of 


the quartet (and is also larger than 0.414). 

15. Observations at 9=45°. The photographs taken with the 
calc-spar alone show very clearly the ellipticity of the outer com- 
ponents. With vapor of intermediate density the phenomenon is 
already very marked, especially in the case of D, (Plate XVII, 
Fig. 10). Very remarkable is the slight diminution of intensity 
of the inner components of the quartet. According to the elemen- 
tary theory the intensity of the central component of a iriplet 
ought to have diminished already to less than half the original 
value. 

16. If a Fresnel rhomb combined with a calc-spar rhomb is 
introduced in the beam, one of the components of the quartet also 
entirely disappears. At an angle of 60° this was the case only with 
the sextet (Plate XVII, Fig. 11). 

17. Observations at 9=309°. The elliptic polarization tested 
by means of the calc-spar rhomb is very marked, even with dilute 
vapor (Plate XVII, Fig. 12, Plate XVIII, Fig. 13). The inner 
components of the quartet are now decidedly less intense than the 
outer ones. Plate XVIII, Fig. 13, especially shows the smaller 
intensity of the components of D, in the lower strip. Indeed, 
they are unmistakably thinner than those in the upper strip. 

18. According as the angle between the ray and the lines of 
force is diminished, the intensity of the field must diminish at the 
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same time. In order to make it possible for the rays to traverse 
the field under smaller angles the vertex semi-angle of the cones 
must deviate more and more from the theoretical optimum of 
nearly 55°. The decrease of the magnetic separation is clearly 
shown in our photographs. We intend to communicate on another 
occasion experiments under smaller angles @ and to enter upon some 
details concerning the case in which the components of the triplet 
are not neatly separated. Some measurements of the ellipticity 
of the components will also be given. On the present occasion 
we intended to give only a general survey of the inverse effect, 
illustrating it by some particular cases. 

19. Types of separation in spot and laboratory. - In one direc- 
tion we shall now enter upon some more details. The magnetic 
separation of lines in a non-uniform field has been treated on a 
former occasion.’ The results then obtained and our present 
observations may be of some interest in connection with certain 
phenomena observed by Hale.. We intend to return to this subject. 
It seems of interest to allude presently to W. M. Mitchell’s descrip- 
tions of the various types of spot lines as indicated in the diagram 
published in the Astrophysical Journal, 22, 6, 1905, and copied with 
some modifications in the Transactions of the International Solar 
Union.? 

Our Plate XVIII, Fig. 14, has been copied from Mitchell’s paper. 
The types a, b, d, and e of the figure are very characteristic. ‘Type 
g perhaps falls under the type of lines invisible without nicol, men- 
tioned in 7 above. In Fig. 15 are represented some separations’ 
observed in the laboratory without nicol or other analyzer; a’, b’, e’ 
have been taken in non-uniform fields. 6’ is the quartet of D, 
observed across the field; a’ the sextet of D, observed axially in a 
non-uniform field, very strong in the central part; e’ also refers to 
D, in a weaker field, the observation being made across the lines 
of force. The type d’ refers to the D, line, when observed in a 
direction parallel to the field. The field is uniform. ‘The separa- 
tion gives an example of the superposition phenomenon mentioned 
in paragraph 7. 

t Zeeman, Proceedings of the Amsterdam Academy, April 1906, November 1907. 


2 Transactions of the International Union for Solar Research, 2, 199, 1908. 
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The analogy of the type d’, Fig. 15, and the type of the “winged 
line”? seems very remarkable. Of course observation of the state 
of polarization would be necessary in order to prove the analogy. 

20. Explanation of Plates XVI-XVIII. Figs. 1-13 are about 
thirteen-fold enlargements of the images given by the grating of 
the absorption lines D, and D, in a magnetic field. : 

The upper and lower of the three strips of these figures relate 
to (oppositely) polarized light; in the central strip the phenomenon 
is represented as it is seen in natural light. _ 

Plate XVI, Figs. 1, 2, 3, 4, observations perpendicular to lines 
of force with different vapor-density. Figs. 5, 6, observations 
parallel to lines of force with different vapor-density. 

Plate XVII, Figs. 7, 8, observation at 0=60°, calc-spar rhomb 
alone. Fig. 9, 9=60°, calc-spar combined with Fresnel rhomb. 
Figs. 10, 11, 0245. @Higti2.0e= om 

Plate XVIII, Fig. 13, 0=30°. Fig. 14, types of Sun-sper 
lines (adopted from Mitchell). Figs. 15, a’, 6’, e’, separations in 
non-uniform laboratory fields; d’ superposition phenomenon, in 
paragraph 7. 

21. The outer components of a magnetically divided line, if 
observed in a direction inclined to the lines of force under an angle 
6, are elliptically polarized. In our experiments of paragraphs 
12-17 we frequently referred to this elliptical polarization. In 
paragraph 12 the simple rules were summarized which relate to the 
ellipses characterizing the state of polarization of the outer com- 
ponents, if very narrow spectral lines are observed in a strong field. 
The linear vibrations of the central component of a triplet lie, 
according to the elementary theory, in the plane passing through 
the ray and a line of force, and the amplitude is proportional to 
sin @. Righi’s theoretical considerations in his paper cited in para- 
graph 1 also agree with this conclusion. 

22. In Voigt’s' theoretical investigation of the magnetic effect 
in a direction inclined to the lines of force, the remarkable conclusion 
is drawn that the central component also of a triplet may execute. 
an elliptical vibration. This result is most closely connected 


* “Weiteres zur Theorie der magneto-optischen Wirkungen,” Annalen der Physik, 
I, 389, Ig00. 
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with the consideration of the mutual action between neighboring 
molecules. 

Lorentz’ considerations concerning our present subject (see para- 
graph 1 above) give results which we may be permitted to sum- 
marize here briefly. For arbitrarily chosen values of the angle @ 
between the ray and the magnetic force for every frequency two 
elliptical vibrations of opposite directions can be transmitted. In 
the case of the outer components of a sharp triplet one of the two 
elliptic vibrations is absorbed. If we are not dealing with a sharp 
triplet, i.e., three absorption bands 
that are completely separated, Y 
we can still say something about 
the vibration-ellipses of the outer 
components. Let axes OY and 
OX’ be chosen, the one normal to 
.the plane passing through the ray 
and the magnetic force, the other 
perpendicular to the ray and lying 
in the plane just mentioned. Then 
one of the characteristic vibration- 
ellipses can be considered as the Fic. s 
reflected image of the other with 
respect to a line bisecting the angle XY’OY. This rule also applies 
to the direction of motion in the two ellipses. 

The nature of the phenomena that will be observed for rays of 
a frequency corresponding to the central line of the triplet depends 
upon the value of @ being greater or smaller than a certain angle @,. 
This latter is determined by the equation 


tan 6, sin 6,=8, 


The quantity g may be regarded as a measure of the width of 
an absorption line and depends upon the constants of the vapor; 
v is determined by the change of the frequency of the free vibrations 
of the electrons and has a value proportional to the strength of the 
field . . 

If @>6,, then two linearly polarized beams with equal indices 
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of refraction and different absorptive indices can be propagated. 
The rectilinear vibrations make equal angles with the line OL, 
bisecting the angle X’OY. The absorption is stronger for the 
beam whose vibrations make the smaller angle with the direction 
of the field. In the figure the more strongly absorbed vibration is 
indicated by a thicker arrow. As @ decreases, the vibrations of the 
two principal beams approach more and more to OL, so that for 
6=06, both directions coincide with the bisectrix. The two princi- 
pal beams are now equally absorbed also. 

When @<8,, the state of things is wholly different. In this 
case two elliptically polarized beams can be propagated; they are 
equally absorbed, but have different velocities of propagation. 
For both beams the characteristic ellipses are the same, but 

described in opposite directions. One of 
y the axes of the ellipses coincides with the 
line OL in Fig. 6. The ellipses become less 
and less eccentric as the wave becomes 
less inclined to the direction of the field. 
For @=o the ellipses become circles de- 
scribed in opposite directions. A further 
approximation for @= 6, shows that in this 
Fic. 6 case the two vibrations do not coincide 
exactly. Asin the general case, there are 
two distinct beams with different characteristic ellipses, both 
deviating somewhat from the line OL of Fig. 6. The regions of 
the longitudinal and the transverse magnetic effect overlap to a 
certain extent and are not sharply separated from each other at 
the angle 4,. | 

23. There are three results of Lorentz’ theory that probably 
admit of experimental verification. Let us imagine the absorbing 
vapor placed in such circumstances that the elementary theory 
cannot be applied. The components of a divided line are now not 
neatly separated by practically transparent regions. The vapor- 
density must be chosen relatively great and the magnetic intensity 
rather small. As always in the present paper, we suppose the lines 
of force to be horizontal; we examine the propagation of the light 
also in a horizontal plane. 


Se 
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The three predictions referred to, which apply, if we exclude 
the cases of the true longitudinal and transverse effects, are: (1) 
the major axes of the vibration-ellipses of the outer components 
deviate from the vertical line; (2) the vibrations of the middle 
component (c.q. components) are, depending on circumstances, 
either linear and not horizontal, or elliptic, the axes of the ellipse 
being inclined to the horizon; (3) there exists an angle @, separating 
the regions of the longitudinal and the transverse magnetic effect. 


OBLIQUE POSITION OF THE VIBRATION-ELLIPSES OF THE OUTER 
COMPONENTS 


24. We succeeded in establishing experimentally the oblique 
position of the vibration-ellipses in the inverse magnetic effect of 
the D lines; the amount of the slope of the axes we could measure. 
The obliquity is far from striking. When @ was already such that 
the ellipticity was very marked, it was only after some difficulty 
that we could make sure of the obliquity. Some details of a definite 
case may be given. With @=69° and a field of about 18,000 gausses 
the first observations were made. Attention was given to D,, the 
vapor-density being regulated so that the outer components of the 
sextet could not be seen separately. Before the slit of the spectro- 
scope a nicol was placed with its plane of vibration at an azimuth of 
say 35 with the horizon. The central part of the resolution figure 
is now very dark; the. outer components of the pseudo-triplet, 
however, are only faintly visible. This has the advantage of 
increasing the visibility of small changes of the intensity of the 
outer components. 

The direction of the field we denote as field-direction 1. Wuath 
the reversed field-direction 2, the outer components became darker. 
This experiment was repeated several times with the same result. 
The nicol then was placed in a position symmetrical to the one just 
mentioned. Now with field-direction 1, the outer components 
were darker. From these experiments we must conclude that a 
vertical line is not an axis of symmetry of the vibration-ellipses of 
the outer components, hence that the position of these ellipses is 
oblique. 

25. The direction of the smaller axis of the vibration-ellipse we 
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measured for 0=69°, the vapor-density being between the first 
and second phase (13). In front of the slit of the spectroscope 
was introduced a nicol, mounted upon a divided circle which gives 
the rotation of the nicol in degrees. ‘The vanishing or reappearing 
of the outer components gave a good criterion for the determination 
of the smaller axis and therefore of the major axis of the vibration- 
ellipse. The measurements gave the result that under the circum- 
stances of the experiment the major axis made an angle of 5 degrees 
with the vertical. The obliquity was the same in amount and 
direction for the components toward the red and toward the violet. 
The diagram, Fig. 7, illustrates the relation between the slope of 
the ellipses and the direction of the field. 


Fic. 7 


Let OS be the beam, which traverses the source of light placed 
in O, and OF the direction of the magnetic force. For an observer 
looking in the direction SO, the upper part of the vibration-ellipse 
is inclined toward the right. The plane VX’, containing the ellipse, 
is normal to the ray and in the figure has been rotated round the 
dotted line until brought into coincidence with the plane SOM. 
That side of the plane which was visible from S can now be seen. 
Both the ellipse toward the red, and the ellipse described in the 
opposite direction toward the violet, have the same slope with a 
given direction of the magnetic field, as was remarked above. 

26. The same sodium flame, investigated as to the inverse effect 
in the direction OS, we studied in the direction OP (i.e., for an 
angle FOP= MOS= 180°—8®) for the phenomenon of partial polari- 
zation, discovered by Egoroff and Georgiewsky. A small telescope 
focused upon the flame was used and provided with a Savart plate 
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and a nicol. This polariscope is mounted upon a divided circle 
graduated in degrees. The direction in which the fringes were 
most brilliant was determined in order to detect a possible devia- 
tion of the plane of maximum polarization from the vertical. It 
was easily seen that there was such a deviation. ‘The fringes were 
most clear if for the observer in P their direction was from the 
upper left to the lower right quadrant, the direction of the field 
being always as indicated in the figure. After reversal of the 
magnetic field the fringes became indistinct. They became dis- 
tinct again if the principal direction of the polariscope was from the 
upper right to the lower left quadrant. The result of these obser- 
vations at least proves that the whole phenomenon is asymmetrical 
with respect to the vertical, and hence proves the presence of oblique 
vibrations. In a conversation with one of the authors Professor 
Lorentz had kindly communicated that he observed phenomena 
of the kind described in this paragraph. 

27. In the experiment of the last paragraph the axis of the 
telescope must be placed carefully in a horizontal plane passing 
through the poles of the electromagnet. If the observation is 
made in a plane which is not horizontal, an apparent slope of the 
axes of the vibration-ellipses becomes manifest, as is easily seen from 
a geometrical consideration. 

28. The position of the plane of maximum polarization can 
be determined rather accurately. The obliquity of the major 
axis of the outer ellipses of sextet and quartet in one experiment was 
5°; with the very same vapor-density and the same strength of 
field, the plane of partial polarization made an agle of 21° with the 
vertical. At first sight it seems rather startling that the polariscope 
of Savart is so sensitive to the obliquity of the ellipses. 

The phenomenon of the partial polarization of the emitted light 
is very complicated and the complete theory still outstanding. 
It does not seem doubtful, however, in what direction we have 
to look for the explanation of the remarkable difference between 
the indications of the two instruments. They measure different 
quantities. 

As long as the inclination of the vibration-ellipses of the emitted 
light is zero, the total light also vibrates symmetrically relatively 
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to the vertical. If the inclination is not zero, however, but has 
the value a, the plane of maximum resultant luminous motion is 
inclined at an angle a+-8, which may be occasionally much greater. 

The light emitted by the sodium flame contains: (1) horizontal 
vibrations of intensity c? (we neglect here a change mentioned 
in paragraph 30 below); (2) elliptic vibrations, the major axes of 
which form an angle @ with the vertical. Let the principal axes of 
these ellipses be a and 0. 

The intensity J, in a direction OX becomes 


I,=¢ sin? (a+ 8)-+a? cos? B+? sin? B. (1) 
This expression becomes a maximum for a value of P satisfying 
c sin 2(a+ 8)+(6?—a?) sin 2B=o0. (2) 
Hence it follows at once that 8 cannot 
be zero, for otherwise @ ought to be zero 


also. 
From (2) we obtain 


sin 2(a--8) @—6 
sin-2Gne te 


(3) 


Hence the value of 8 depends upon 
the intensities of the horizontal and 
vertical vibrations. We always have 

Fic. 8 _ @>6; in the emitted light the vertical 
vibrations generally preponderate, hence 
also a>c. We conclude that 8 can be positive only. 

If we make a= 5°, a+ B= 21°, b=o. 3a (see 29), equation (3) gives 


@ 
aut, 

This is a plausible value. Hence there is no contradiction 
between the observations made with the polariscope and the results 
obtained with the nicol alone. 

29. We made, with the inverse effect, some measurements of 
the ellipticity of the outer components at different angles of inci- 
dence. We used for this investigation the well-known method of 
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the quarter-wave plate and nicol. The axes of the quarter-wave 
plate being placed parallel to the axes of the original ellipse, the 
resulting light is plane polarized. Let 6 and a be the horizontal 
and vertical or the nearly horizontal and the nearly vertical axes, 
then 


dea fon a, 
a 


The mica quarter-plate used proved to be very accurate for 
light of the refrangibility of the sodium lines, when tried by the 
method described on a former occasion.t Three determinations 
gave for the deviation from an exact quarter-wave plate the values 
1.8, 0.1, 1.0 per cent. For our present determinations this 
accuracy of the plate is quite superfluous. The measurements 
are very difficult, relating as they do to the mean of the outer com- 
ponents of the sextet, hence to an extremely narrow part of the 
spectrum. Moreover the density of the vapor can be defined only 
approximately (10). 

The following table embodies the results concerning the ellip- 
ticity of the outer components of the sextet obtained in a some- 
what extended series of measurements. 


6 b/a Remarks 


69°5 0.31 0.30 Vapor of intermediate density (§ 10) 


0-45 0.45 Vapor of intermediate density (§ 10) 
47° | 
0.47 Vapor somewhat denser 


39° 64 ) 0.66 Very dilute vapor (§ ro) 


9909090900000 


«Zeeman, Amsterdam Proceedings, October 30, 1909. 
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The ratio of the axes at a certain angle undoubtedly somewhat 
depends upon the vapor-density. Part of the oscillations of the 
results obtained at the same angle must be ascribed to this cause. 

At 9=69°5 and with dense vapor the inclination of the major 
axis of the ellipse was 6°; with very dilute vapor the value zero was 
obtained. At 9=47° and with vapor of intermediate density the 
inclination was 4°5. The Savart fringes then made an angle of 
28° with the vertical. 


OBLIQUE POSITION OF THE VIBRATIONS OF THE MIDDLE 
COMPONENTS 


30. Whereas the inclination of the vibration-ellipses of the outer 
components could be demonstrated first for the sextet, it was for 
the quartet, on the contrary, that we first succeeded in verifying 
the second of Lorentz’ above-mentioned conclusions (23). The 
deviation of the vibrations of the middle components of the quartet 
from the horizontal line can be shown in the same manner as the 
inclination of the ellipses (24). 

The principal section of the nicol before the slit was placed at 
an angle of about 30° with the horizon. The outer components of 
the quartet of D, are then hardly visible. The inner components 
are rather dark. ‘The direction of the field is indicated as direction 
t. Under the influence of the reverse field 2, the middle com- 
ponents become more black. If the nicol be placed in the symmet- 
rical position, then it is with the field-direction 1 that the middle 
components are most distinct. The angle @ in this experiment 
was 47°. 

Two different attempts to measure the angle between the 
vibration and the horizontal gave the results 4°95, and 5°5. These 
measurements are very difficult, however, and perhaps indicate 
only the order of magnitude of the inclination. The vicinity of 
the outer components largely interferes with the accuracy of the 
adjustment of the nicol, for while it is moved about near the posi- 
tion of extinction and approaches to a vertical direction the greater 
intensity of the outer components distracts the eye. 

31. We have made yet another experiment which confirms the 
result of paragraph 30 for both the sodium lines and also exhibits 
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the relation between the inclinations of the different components. 
This connection is shown diagrammatically for a triplet in Fig. 9; 
for the result obtained with the middle components of the 
quartet and the sextet certainly can be applied qualitatively to 
the triplet. 

The experiment was the following: the principal section of the 
nicol made an angle of + 40° with the vertical; the positive direc- 
tion in Fig. 9 was counter-clockwise. ‘Then the nicol was placed at 
320° (i.e., in the symmetrical position). The last position may be 
indicated as position B, the first mentioned as position A. The 
direction of the field remains unchanged. In position A all lines 
were weaker than in position B. 

Hence we conclude that the ellipses as well 
as the vibrations of the middle components are 
inclined; moreover, that the relative position 
of the vibrations must be that shown in Fig. g. 

32. In the important paper already frequently 
mentioned (note p. 291 of the paper cited in 
paragraph 1 above) Righi says that Voigt’s 
theoretical investigation of the general case of 
propagation of light in a direction inclined to the lines of force was 
published too late to guide him in his investigation. Righi expresses 
the opinion that it is rather improbable that in the course of his 
numerous observations peculiarities in the behavior of the middle 
components as indicated by Voigt could have escaped him, and 
that Lorentz’ elementary theory is in accordance with all the 
observed phenomena. 

This seems in contradiction with our experiments. This contra- 
diction vanishes, however, if we assume that the vapor in Righi’s 
experiments was very dilute, or the field so intense that the com- 
ponents were neatly separated. Under such circumstances our 
observations are also in complete accordance with the elementary 
theory, at least as to the polarization of the components and the 
direction of the vibrations. Neither was it in Righi’s experiments 
a matter of course to reverse the direction of the magnetic field, 
the procedure which most easily exhibits any obliquity of the 
vibrations. 


Fic. 9 
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APPLICATION OF THE RESULTS OF PARAGRAPHS 24-31 TO THE 
INTERPRETATION OF SUN-SPOT SPECTRA 

33. The vibrations of the middle component of a triplet are 
parallel to the lines of force. The outer components vibrate 
linearly at right angles to the field. These rules also apply to dense 
vapors, if only the pure transverse magnetic effect be under con- 
sideration. If we assume that the direction of observation is 
oblique to the lines of force, then only in the case of very dilute 
vapors can the projection of the magnetic force on a plane normal 
to the line of vision be found according to the rules of the elementary 
theory from the direction of the vibrations. If, however, the com- 
ponents of an inverse triplet are not neatly separated by practically 
transparent parts—and the sun-spot lines seem to belong to this 
class of lines—the particulars diagrammatically illustrated by Fig. 9 
are to be taken into consideration. 

In drawing charts of the magnetic fields in sun-spots, showing 
the intensity, the direction, and the polarity of the magnetic force, 
the determination of the direction of the force will give some diffi- 
culties. The value of the correction to the indications of the 
elementary theory necessary in some cases will be given on another 
occasion. 

The rule which determines the direction of the deviation may 
be indicated here. The direction of rotation in the vibration- 
ellipses of the outer components toward the red and toward the 
violet shows whether @ is acute or obtuse. If @ is obtuse (Fig. 7), 
then the relative position of the directions of the magnetic force, 
of the major axis of the vibration-ellipses, and of the vibration of 
the middle component is shown in Fig. 9. 

From any point O draw a line OB parallel to the major axis of 
the vibration-ellipses of the outer components and a line OM parallel 
to the vibration of the middle component, the angle BOM being 
always chosen acute. The projection OF of the magnetic force on 
a plane normal to the line of sight then makes a positive acute angle 
with OB, the angle BOF being greater than BOM, the positive 
direction being reckoned from OB to OM. 

By ascertaining whether or not the major axes of the ellipses 
anid the vibrations of the middle component are perpendicular to 
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each other, we can make sure whether the elementary theory may 
be applied or not. 


DEMONSTRATION OF OBLIQUE POSITION OF VIBRATIONS 
BY MEANS OF HALF-WAVE-LENGTH PLATE 


34. The observations in the preceding portion of our communi- 
cation relate to the region between = 90° and @= 30°, including the 
two principal directions. We now intend to describe experiments 
relative to the remaining region between @= 39° and o°. 

This region seemed very interesting because under suitably 
chosen circumstances it probably would contain the angle @, of 
Lorentz, separating the regions of the longitudinal and the trans- 
verse magnetic effect. The principal object we had in view in 
undertaking this third part of our investigation was to prove 
experimentally the existence of an angle of the kind mentioned. 
We think that we attained our purpose. 

Before proceeding to describe these experiments, we shall men- 
tion a method for verifying the results (paragraphs 24-32) relating 
to the oblique position of the vibration-ellipses of the outer 
components and that of the vibrations of the inner components, 
but without commutation of the current in the electromagnet. 

Whereas in our former experiments the difference of the intensity 
of the components by commutation of the current gives the proof 
for the obliquity of the components, the half-wave-length plate 
demonstrates it at once. 

A half-wave-length plate, with one of its principal directions 
situated horizontally and limited by a horizontal line, is placed 
near the source of light. Vibrations from the source, making a 
definite angle with the edge of the plate, after traversing it are 
rotated through twice that angle. The plate covers only half of 
the field of view. The directions of the emergent vibrations make 
the same angles with the horizontal edge as at first, but upon the 
farther side. An image of the edge is focused upon the slit of the 
spectroscope; before the slit a nicol is ae 

In one of our experiments, Bolte 39, the plane of fibration of 
the nicol was at an angle of 35° with the horizon. The magnetic 
components are now seen unequally dark in the two halves of the 
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field of view. It appeared possible to photograph the phenomenon; 
small variations of vapor-density, which may possibly introduce 
errors with other methods of observation, are now without influence. 
Reversal of the direction of the current changes the sign of the 
difference of intensity of the two halves of the field of view. 


CONNECTION BETWEEN THE INCLINATION OF THE ELLIPSES IN 
PARTICULAR CASES 


35. The direction of the magnetic field, and that of propagation 
of the beam traversing the magnetized source of light determine the 
sense of the inclination of the vibration-ellipses (paragraph 25). If 
the direction of the field be reversed, the sign of the inclination of 
the vibration-ellipses also changes. In Fig. 7 (paragraph 25) the 
connection established by our experiments between the three 
mentioned directions is given. 

Let OF be the magnetic force, and 
let the beam, traversing the magnetized 
flame O, be propagated in the direction 
from O to S. The inclination of the 
ellipses in this case is indicated in Fig. 
1o. The plane normal to the ray and 
containing the ellipse has been rotated 
round the dotted line until brought into 
coincidence with the plane of the paper. 

What is the inclination, if the source 
of light be traversed by the beam in the 
direction OS’ ? 

Kreeae This question is easily answered by 
applying the well-known method of 
reflected images. The geometrical outlines of all things composing 
a given system, together with the physical processes in the 
system, which we suppose may be all represented by geometrical 
figures, we imagine reflected at every instant in a plane V. The 
new system obtained by reflection, which we call the image of the 
original system, is a possible one, as soon as the last-mentioned 
one has an objective existence. | 
Applying this to our experiment (Fig. 11) and placing the plane 


S' 
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V parallel to OF and perpendicular to the plane of the paper, we 
obtain from system I the system IIT. 

The magnetic field in the second system is the inverted image of 
the field in the first one; indeed, before taking the image of the 
field we have to substitute it by the equivalent ampere currents. 
Hence in II the arrow F’O’ is drawn from F’ to O’. The field in 
system II being afterward reversed, the inclination of the ellipse 


| ? 
V = S 


Fic. tr FIG. 12 


changes its sign. Hence we conclude that (Fig. 12), if OF be the 
direction of the magnetic field, the inclination of the major axes 
of the ellipses, as observed from S as well as from S’, is always 
from the lower left to the upper right quadrant. 

By means of Savart’s polariscope all this could be experimentally 
verified. We come to the same conclusion by using the experi- 
mental result of paragraph 26, concerning the inclination of the 
ellipses in the beam emitted in the direction OP (see Fig. 10). 

The close connection existing between emission and absorption 
enables us to predict the phenomena to be seen if light traverses 
the source in the direction OS’ (see paragraph 44). 
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INVESTIGATION CONCERNING THE EXISTENCE OF AN 
ANGLE 9, (36-46) 

36. It seems possible to give by different ways experimental 
proof of the existence of an angle @,, separating the regions of the 
longitudinal and the transverse effect. 

The most direct proof would be given if, with a chosen magnetic 
force, the vapor-density could be changed in such a degree that at 
last the direction of the vibrations in the issuing beam were inclined 
at an angle of 45° with the vertical. Then one would observe at 
the angle @, itself the values of density (width) and magnetic inten- 
sity corresponding. The execution of this plan gives rise, however, 
to serious difficulties. 

The significance and the distinctness of the angle 8, become 
manifest also, however, if it be possible to establish the existence 
of the characteristic phenomena only observable for a direction 
of observation which forms an angle with the lines of force lying 
between o° and @,. We have experimentally verified the theoretical 
inference. We made many experiments belonging to each of the 
two classes of experiments mentioned and intend to give a few 
examples of each. 

37. Observations at 6=32°.—Soft iron cones with a vertex semi- 
angle of 32° were made and adapted to a Du Bois electromagnet. 
The intensity of the magnetic field proved sufficient to establish 
the character of the resolution in the first-order spectrum of the 
large Rowland grating. 

The middle components were especially watched. It is easily 
established that the vibrations of these components deviate from 
the horizontal. In order to demonstrate an inclination of 45°, 
a quartz plate, cut perpendicularly to the axis, and exactly 2 mm 
thick, was introduced in the beam. This plate rotates the plane 
of polarization for sodium light 2X21.7=43°4. Vibrations at 
azimuth 45°, after traversing the plate, become either horizontal 
or vertical. 

Between the plate and the spectroscope slit a calc-spar rhomb 
was inserted and a horizontal slit placed near the source; two con- 
tiguous horizontal images of this slit are now formed on the slit. 
The one contains the vertical, the other the horizontal constituents 
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of the beam. The middle components, which at the angle @ under 
consideration are rather weak, are dependent upon the direction 
of the current, and are visible either only in the upper or only in 
the lower of the two strips, if the vapor-density be properly chosen. 

This experiment does not prove definitely, however, that the 
middle components may vibrate under an angle of 45° with the 
vertical. The rather limited sensitiveness of the method must be 
taken into account. The experiment certainly proves that the 
vibrations are inclined relatively to the horizon, at an angle of 
perhaps 20° or 30. 

It is shown by an observation with the calc-spar rhomb alone, 
after removal of the quartz plate, that the vibrations are not per- 
formed under 45°. A difference between the upper and the lower 
image is now manifest. This would be impossible if the inclination 
of the vibrations were 45°. The difference of intensity in the two 
strips decreases with increased density of the vapor. 

All experiments undertaken in order to measure more accurately 
the inclination gave no decisive results. The weak intensity of the 
middle components, the feeble separation (to be expected for the 
observations in view, according to the theory), the perturbation by 
the vicinity of the outer components, and also the fact that the 
vibrations become probably slightly elliptic, account for the 
difficulty of the measurements. 

We also investigated the emitted light without the aid of the 
spectroscope, with a Savart polariscope alone; the emitted light 
appeared to be nearly unpolarized. ‘The fringes in the polariscope 
were very weak. This is clearly due to the light containing equal 
portions of right-handed and left-handed nearly circularly polarized 
light; the intensity of the light of the middle components is rela- 
tively very small and therefore scarcely perceptible in the resulting 
total intensity. The indistinctness of the fringes made only in- 
accurate determinations of the position of the plane of polarization 
possible. An inclination of 42° relatively to the vertical was found. 

38. The method of the non-uniform field* seemed to open the 
possibility of a direct reading of the field-intensity corresponding 
to 9,, the vapor-density (i.e., the width of the spectral line) being 


* Zeeman, Amsterdam Proceedings, April 1906, November 1907. 
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given. At 0=30°, a diminished image of the cones of the electro- 
magnet was focused upon the slit-plate of the spectroscope. The 
magnetic separation is different at different heights, and in the spec- 
troscope the spindle-shaped resolution figure, a photograph of 
which was given on a former occasion, is seen; but now, as the 
inverse effect is under consideration, rather dark lines on a lumi- 
nous background are seen. A nicol with its plane of vibration at 
45° with the horizontal is placed before the slit. If the vibrations 
occur at 45° somewhere in the divided lines, the components must 
become black at sucha place. Width and field-intensity, belonging 
to the part mentioned of the components, correspond to a value of 
6, equal to 39°. 7 

No clear result was obtained by means of this method, however, 
which was tried with several vapor-densities. The change of the 
state of polarization in the resolution figure apparently is too 
gradual to prove the existence of 9; by direct observation. Our 
experiments following (paragraphs 39-46) seem, indeed, to leave 
no doubt as to the real existence of such an angle. 

39. In order to extend observations to still smaller angles @, 
the second-order spectrum of the large Rowland grating was 
employed for all following observations. ‘The brightness is still 
amply sufficient and more details are seen. Even with cones with 
a vertex semi-angle of 26° the characteristic phenomena may now 
be advantageously observed. With vapor of intermediate density 
(paragraph ro) only the outer components of the quartet and sextet 
are now visible, the phenomenon closely resembling the purely 
longitudinal one. Middle components make their appearance only 
after the density is largely increased. The nature of these com- 
ponents appears (paragraph 40), however, to have changed, as is 
proved by an examination of their state of polarization. 

The latter is more easily ascertained, if the components are more 
widely separated. This is the case in the experiments described 
in the next paragraphs and therefore we prefer to give some details 
of the observations made with the more efficient arrangement. 

4o. A still smaller angle between the directions of the beam 
and of the field may be employed, and moreover wider separation 
obtained than in paragraph 39, by looking through axial holes and 
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deviating the beam in the field by means of two small prisms. A 
remark of Professor Wertheim Salomonson induced us to give 
prisms a trial. 

The arrangement for 6= 16° is shown in the figure (Fig. 13). The 
prisms are fixed to copper tubes, which are put into the bored cones 
of a Du Bois electromagnet and may be turned about their axes. 
It is therefore possible to adjust the parallelism of the planes of 
prisms and to arrange the edges vertically. 


hae 


FIG. 13 


A drawback inherent to this method is that after some time the 
interior surfaces of the prisms become covered with some white 
precipitate. With very dense vapors this inconvenience is rather 
troublesome. Immediately after introduction of the flame into 
the interferrum, aqueous vapor condenses upon the prism faces, 
soon disappearing, however, when the temperature of the prisms 
has increased. In order to avoid the danger of cracking, the prisms 
have been placed at some distance from terminal planes of the cones. 

Even with very dense vapor (third phase of 10), the field being 
of the order of 20,000 gausses, the phenomenon closely resembles the 
purely longitudinal one. No trace of middle components is visible. 
After an increase, however, of the vapor-density to the limit 
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obtainable by the introduction of a glass rod, charged with melted 
salt, into the gas-oxygen flame, two new black lines appeared in 
the vicinity of D,; they were clearly visible against the rather dark 
background formed by the broadened outer components. 

These new lines, which have the same period as the middle com- 
ponents, are unpolarized (see paragraphs 41-44). 

41. We have come to this conclusion after trying in vain to 
detect any trace of polarization phenomena of the new components. 

In the first place, rotation of 

a nicol placed before the slit of 

the spectroscope gave no change 

of intensity of the lines; only 

A the background formed by the 

nearly, but not accurately, cir- 

cularly polarized outer com- 
ponents was slightly changed. 

42. After removal of the nicol 

a quarter-wave plate with its 

principal direction at 45° was 

inserted in the beam and a broad 

B horizontal slit placed near the 

field. By means of a calc-spar 

rhomb two strips are obtained, 

separating the oppositely polar- 

ized circular vibrations. 

Fic. 14 With vapor of intermediate 

density Fig. 14A gives the ap- 

pearance for D,. The vertical line represents the reversed line due 
to the arc light. 

With very dense vapor, we get the phenomenon represented 
in Fig. 14B. New components appear in the initially bright 
parts of the field of view. 

The positions of the new components correspond to those of the 
inner components of the quartet, at least as far as can be judged by 
eye observation. This observation is confirmed by measurements 
made on a photograph, it must be said, of only moderate quality. 

As to the polarization of the new lines a few remarks may be 
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made. From an inspection of Fig. 14B alone, one might infer 
a circular polarization of the inner components, of a sign opposite 
to that of the outer ones. One might be tempted to infer that, 
under the circumstances of the experiments, the inner components 
are due to the motion of positive charges. There is no need of 
discussing the degree of probability of such a conclusion, as it 
is refuted by the next observation. 

42. If the quarter-wave plate be rotated in its own plane so 
that the principal direction more and more approaches to the hori- 
zontal position, the intensity of the outer components decreases. 
The inner components, which at first are invisible in two of the 
quadrants, being entirely hidden by the black, broad outer com- 
ponents, are very soon seen as continuous bands crossing at right 
angles the horizontal separation line. Finally, when the principal 
direction of the quarter-wave plate has become horizontal, there is, 
as far as concerns the inner components, no difference at all between 
the upper and lower fields, and only a slight one as far as concerns 
the outer components. 

43. From the observations recorded in paragraphs 41 and 42 we 
cannot but conclude that under the circumstances of the experiment 
the inner components of the new quartet are unpolarized. ‘This 
result seems paradoxical, because one now has become accustomed 
to expect polarization of all magnetically separated and displaced 
lines. The result, however, seems to be in perfect accordance 
with theory, at least if it be permitted to apply to the middle com- 
ponents of the quartet, the theoretical inference drawn for the 
central component of the triplet. 

Lorentz has proved that in the case of a triplet for a frequency 
n=n, and 0<8@, two oppositely elliptically polarized beams may 
be transmitted, having the same index of absorption, but unequal 
velocities of propagation. The characteristic vibration-ellipses for 
the two beams are the same, but described in opposite directions 
(see also 22 above.) Since the indices of absorption of the two 
beams are equal, we may expect that, under the circumstances 
mentioned, a magnetized vapor can produce in a continuous, 
unpolarized spectrum, unpolarized absorption lines only. 

44. The consideration in paragraph 35 of the reflected image of 
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a system was made in order to show that the inclination of the 
ellipses remains unaffected by a change of sign of the angle between 
the line of force and the ray. 

45. Quartet for 9=o.—By increasing still further -the vapor- 
density necessary for the experiment of paragraph 43, we were able 
to observe, even in the direction @=o, the two unpolarized lines, 
corresponding to the inner components of the quartet. The outer 
components, however, have then become extremely diffuse. It is 
certainly remarkable that the two new components are still rela- 
tively narrow. The theoretical reason for this feature of the 
phenomenon has still to be worked out. 

It is, however, in accordance with theory (always on the suppo- 
sition that it does apply directly to the quartet) that for 9=o° the 
density of the vapor must exceed that for @=16°, in order to render 
visible the new lines. Indeed, according to the formulae (42) 
and (26) of Lorentz’ paper (cited in 1 above) the absorp aa index 
decreases with decreasing @. 

The experiments (39-43) seem to give conclusive evidence that 
an angle 6, really exists. Indeed, phenomena of the kind described 
in the last paragraphs are to be expected in a region only between 
6, and o°. 

The experimental verification of Lorentz’ deductions, for- 
mulated in 23 above, gives a new proof of the rational connection 
established by Voigt’s theory of the inverse magnetic effect between 
diverse phenomena. 

A more accurate measurement of @,, the vapor-density and the 
field being chosen, must be postponed. 

46. The new type of magnetic separation, with some components 
polarized, the other ones unpolarized, which returns to the ordinary 
separation by decrease of vapor-density, we were able to observe 
also with D,. Since the density of the vapor must be great in the 
present experiment, the effects observed with D., which splits up 
into a pseudo-triplet, are less clear and characteristic than with D,. 
We therefore restricted the detailed description of our observations 
to the case of Dy. 
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MASS-RATIOS IN THE SYSTEMS OF KRUGER 60 
AND CASTOR 


By HENRY NORRIS RUSSELL 
I. Kriiger 60 
Burnham’s General Catalogue of Double Stars,11761 (a=225 24™5,d6=-+57° 13’, 1900) 


In Professor Barnard’s thorough discussion of the parallax and 
proper motion of this star,t he points out that the motion of the 
principal component, A (9™7), with respect to the distant optical 
companion C (10™2), is distinctly curved, showing that the faint 
component B (11™o) of the binary system has a mass comparable 
with that of A. 

These observations alone would give a fairly good determina- 
tion of the mass-ratio. The addition of unpublished measures 
of the last two years, which Professor Barnard has very kindly 
communicated to the writer, makes it possible to fix this quantity 
within quite narrow limits. 

If the distance and position angle of C, referred to A, are s, p, 
and those of B are s’, p’, their apparent rectangular co-ordinates, 
referred to axes whose position angles are p, and p,+ 0”, will be 


%=§ cos (P—p,), x =s' cos (p'—p,), 
y=s sin (p—p,), y'=s' sin (p’—,). 

If & is the ratio of the mass of B to that of A and B combined, 
the co-ordinates of the center of gravity of the binary system 
will be kx’, ky’, and, since the motion of C relative to this point 
must be uniform, we must have 


x=a+b(t—t.)+kx’, y=a'+b' (t—t.)+ky’, 


where #, is any convenient epoch. Each set of simultaneous 
observations of: AB and AC gives us an equation of condition 
for the constants a, b, k, and another for a’, b’, k. 

No knowledge of the period of the binary system, or of the 
form of the complete orbit, is necessary in forming these equations, 
which depend only on the relative motion during the interval 

t Monthly Notices, 68, 629, 1908. 
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covered by the observations; and it is obvious that the accuracy 
with which & can be determined depends on the magnitude of the 
departures of the motion of B (relative to A) from uniformity, 
during this interval. 

The data on which the present discussion is based are as follows. 
They are taken from Barnard’s paper, already mentioned, except 
for the last two lines which are annual means of the unpublished 
measures referred to above. The rectangular co-ordinates « and 
y are computed with p,= 59°00. 

The parallax of A is 0”25 (according to three very accordant 
determinations by Barnard, Schlesinger, and the writer). The 
observed co-ordinates of C, relative to A, therefore require to be 
increased by the corrections 


Axv=As=+0%25 cos (O—93), 
Ay= +0”22 cos (O—170°). 


The tabular values of s are already corrected for parallax (this 
having been done by Barnard). Those of p are uncorrected, but 
the correction has been applied to the tabular y’s. The mean of 
the corrections for the individual dates has been taken when neces- 
sary. The position angles have also been corrected for precession, 
to 1900, at the rate of —o°o0o042 annually. 


AB AC 
Date p s n x y p' s n te a 
580027008. 178°8] 2732 1 |—1716|/+ 2702] 56°26) 26773| 1 |-+26770;—1748 
ESQne 4S ee as 140.7] 3.109 5 40s 40) "eT e eee roost Od imes 34.64] 0.15 
TOQOO: G4 = ene 133.6] 3.22 | 8?| 0.86] 3.12) 50.20] 36.36] 8?| 36.36) 
LOOle Ase ete 13027149: 26 7 [.03} 3212) $9103) 37723) 7) 237) 2g 
EO 20 70 ee £27 Oo tee 1.26] 3.13} 59.65) 38.25) 4) §36.25)0cgeem 
1003 03 true $23 04) a Seger 1i47| B04) So.561 30. 1232 20°12) foaas 
LO04 503 yen 119.6] 3.38 | 19 | £.66! 2,05} 59.44) 40,03) 27.) 40.03) momam 
TOOS QO leurs LES 23) saage 2 1.04). 2.76) 56.06 ate 2a) ee 4.21) o.47 
EQOOR, One nae 1iZe2 eae 7 2.00] 2.66] 59.44] 41.83; 7 41.83] 0.21 
1907-5752 e.. 107. 2) aue8alir 2.18] 2.44] 59.45] 42.84) 11 42.84) 0.21 
10087300505 104.4] 3.18 6 2.24) 2-24\- 6G. El gey OOl so 43.66} 0.22 
LG002,04 sete OO Sissi 4 se sG 2441) 2.011 50.30) 44.87] 17 44.87) Gp2e 
IQTO.59..... 94-9] 3-13 |. 9 |4+2.54|/+1.84| 59.49] 45.77) 9 |445.77|1F0.25 


The first measure is by Burnham, the second by Eric Doolittle, 
and the third, the mean of the results of Doolittle and Barnard. 
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All the rest are Barnard’s. As the latter points out (op. cit., 
p. 638), it is desirable in such an investigation to use the measures 
of one observer as much as possible. The number of nights’ 
measures combined into each mean place is denoted by. In one 
or two cases the measures of AB have been interpolated to the 
epoch of those of AC (differing by a month or less). 

The motion of B, relative to A, is so nearly uniform in « that 

only the y’s can furnish a reliable value of &. An approximate 
solution gives ; 
y= —11763+07092(t—1900)+0.5 y’. 
The residuals from this solution are the absolute terms of the 
equations of condition given below. The unknowns in these are 
a=Aq’+2”70Ak, B=Ad’, y=Ak, where Aa’, Ab’, Ak are the correc- 
tions to be added to the approximate values. 


a—9.28B—o0.69y=| —o7%0r1; —.03 
a—1.58-+-0.42¥=| + .06) +.03 
a+o.88+0.46y= .OI 
a+1.88+0.43y7= .10 a+ 8.48B—0.44y7= 


I 
I a+ 6.68—o.o4v¥=|— .09 
— I — 
ae I = 
a+2.86+0.38y= .02| +.01| I a+ 9.68—0.65y=|— .02 | +.02 
+.07| 3 = 
ce 3 


a+ 7.6B—0.22y= 


a+ 5.98+0.067¥=|+0708 | +.09 


Oo 
On 
HN HH NIH 


a+3.68+0.32y= .08 a+10.68—0.907= 
a+4.6B+0.227y= .O9 


| ++++ 


The resulting normal equations are 
7. sa+- 74.58— 0.25y=—0702, 
+688. B—11.9 y=—1.91, 
+ 3.55y=+0. 200, 


whence @=+0”011, B=—0"%0034, Y=+0.032. The probable 
error of unit weight is +07%054, and the final values of a’, 0’, k 
are | 

a’=—1"70 +0084, 

b’ = +0.089+0.003, 

k =+0.531+0.031. 


The relatively large probable error of a’ is due to the term paste 
Ak which it contains. 
The mass of B appears therefore to be slightly greater than that 


of the brighter star A, the ratio 7 being or I.140.14. 


1—k’ 
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Comparison with the probable errors of other determinations of 
similar ratios—such as those given in the appendix to Boss’s 
Preliminary General Catalogue—shows that this may be regarded 
as a fairly good determination; for which reason it is now pub- 
lished, although the observations of ten years more will confine the 
uncertainty within much narrower limits. 

Correcting the x co-ordinates, with this value of k, the annual 
motion of C, relative to the center of gravity of AB, is found to 
be +07861 £07006. . 

The proper motion of the system, relative to this star, is there- 
fore 0”7866+07%006 in position angle 244°9+o0°2. The orbital 
motion of the principal star accounts for the difference between 
this and the value 0”968 in 246°5, found by Barnard for the latter 
for the interval 1890-1905. Both values, however, require 
unknown corrections for the proper motion of star C, which cannot 
safely be neglected in dealing with observations of such accuracy. 


II. Castor (a Geminorum) 


Though this binary has been under observation for nearly 200 
years, the elements of its orbit are still very uncertain. Were 
they accurately known, the spectroscopic observations of H. D. 
Curtis' would enable us to find very reliable values of the parallax 
and mass. 

It may be shown that the existing uncertainty of the elements 
falls almost entirely upon the determination of the parallax, and 
does not seriously influence that of the mass of the system. 

Let z be the angle which the relative velocity of the two com- 
ponents in space makes with the plane tangent to the celestial 
sphere, v the component of this velocity parallel to this plane 
(in seconds of arc per year), and p that perpendicular to it (in 
astronomical units per year). Then v=7p cot 7, where 7 is the 
star’s parallax. | 

If now p is the apparent position angle of the velocity 2, as 
projected on the plane of reference, and © and ¥ are the node 
and inclination of the orbit-plane, tan i=tan y sin (p—®), and 
we have ‘ 

irs sin (p—) tan y. (1) 


t Astrophysical Journal, 23, 351, 1906. 
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From Curtis’ observations, the value of p (for the centers of 
mass of the rapid spectroscopic binaries which form the compo- 
nents of the visual system) is 7.18+0.23 km/sec or 1.52+0.05 
astronomical units per year, at the epoch 1904.9. v and pcan be 
found directly from the micrometer measures of the last few years. 
These give the mean places." 


Position Angle O.—C. Distance O.—C. 
ty ae 226°4 —o°2 5’69 —o"o2 
THOS. AGI o...<. 225.3 —o.I 5.66 0.00 
PERT AS 5 xs. 224.4 +o.1I 5,03 +0.03 
WOO LOR A. .5 224.0 +0.8 5-54 —o.OoI 
PAGG, 822 e.i% - 21:6 — O47 ee +o.02 
“hr aah be A 221.8 0.0 5-45 —=3. 03 


From these with equal weights, we find: 


p= (22421 0°15) —(0°415 #02037) (¢—1904), 
s= (5”59+=0”%007) —(0%0200+0”0017) (f—1904). 

A check upon the value of Hs may be obtained from the prin- 
ciple of the uniform description of areas in the apparent orbit. 
According to Doberck? the projected radius vector swept over 
7.658 square seconds of arc between 1832.0 and 1896.0. © The corre- 
sponding angular velocity at distance 5”59 is —0°438 per annum 
—agreeing with the observed value within its probable error. 
The computed value obviously deserves the preference (its prob- 
able error being doubtless less than 1 per cent of its value). Com- 


bining it with the observed value of a , we find, for 1904: 
V=07047+0/001 
p=109 +2", 
whence, substituting in (1) 
m cosec (109° —Q) cot y= 070313070013 (2) 
in which the probable errors of both p and v are taken into account. 


* The first three are derived from measures given by Lewis, Memoirs R.A.S., 
56, 217, 1908; the others from observations published in the Astronomische Nach- 
richten, for 1905-1910. 


2 Astronomische Nachrichten, 166, 145, 1904. 
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The numerical terms in this equation depend only on modern 
spectroscopic and micrometric observations, and are independent 
of any hypotheses about the orbit; but to find the parallax we must 
know the position of the orbit-plane. 

The extent to which the latter is uncertain is shown by com- 
paring the five orbits recently derived by Doberck (op. cit.) and 
by Lohse.t All of these represent the observations (including 
Bradley’s estimated position angle of 1720) fairly well; but the 
first and last give distinct systematic deviations, in opposite 
senses, from the observed positions so that the range of uncertainty 
cannot be much greater than the table indicates. 


P a € Ct ae y 7 M 
Tohse-le ag ee 240V 726 0.80 203°1 eet o;reg.) Ges 
Doberck ILLGs 23 egees Tae On7s 209.5 wae o.IOI oe 
Lohse: IT y.=-. sae aoe 5-9 0.58 207.8 65.4 0.068 7.4 
Doberck EV". SAy 5.8 0.44 213.9 63.6 0.061 ries’ 
Doberck V45q251, 502 6.5 0.23 2299/0.) O56 0.053 vee 


All the elements vary through a wide range; but if they are 
plotted as functions of the period, the individual points lie in all 
cases near a smooth curve. They may therefore be regarded as 
functions of a single ill-determined quantity, e.g., the period. In 
other words, there is practically only one way of drawing an ellipse 
of given area so as to represent the observations, but a great deal 
of latitude as regards this area. : 

The values of the parallax and mass, computed for each set of 
elements with the aid of equation (2),? will also be functions of the 
assumed period. The parallaxes vary through a considerable 
range (though not more than would at present be considered satis- 
factory in the case of as many direct determinations). The com- 
puted masses are remarkably accordant—the variations in period, 
major axis, and parallax compensating one another almost per- 
fectly. This would not generally happen, and must be due to 


* Publikationen des astrophysikalischen Observatoriums zu Potsdam, 20, 92, 1908. 


2 As the apparent direction of motion determined from the micrometer observa- 
tions has been used in all cases (instead of that of the tangent to the individual apparent 
orbits), these values will differ slightly from the results of direct computation from the 
radial velocity and the orbital elements. It appears, to the writer at least, that the 
present process, involving as it does the minimum of uncertain data, is preferable. 
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some unusually favorable chance as regards the form and posi- 
tion of the orbit in this particular case; but the fact is put beyond 
question by the numerical calculations. 

We may therefore conclude that the parallax of Castor is approxi- 
mately 0708 +0703, and that the mass of ae whole system is about 
6.5+1.0 times that of the sun. : 


Little is yet known concerning the ratio of the masses of the 
components of the visual system. Crommelin has shown’ that 
the path of the bright component, derived from meridian observa- 
tions, is much more curved than that of the fainter, indicating that 
the latter has the greater mass. The same conclusion may be 
deduced from the micrometer measures of the distant companion, 
which may be summarized as follows (setting p,=163°5): 


DIFFE E om UNIFO 
AC jt pela NIFORM 
p S=xX y Ax Ay 
189552! Jha 162°5 72! 52 —1"27 +0706 —ol15 
r846i0...°. .. 162.78 72.42 —0.9Q1 —O-15 —o.II 
so ee ee 163.40 72.86 —O,13 +-0.13 +0..20 
oc, 163.98 73.10 +o.61 +o.18 0.37 
toe) Se ee 164.10 73.34 +0o.76 +o.02 —o.10 
iy 164.28 72.904 +0.99 —0,. 26 —©,20 
Yearly | motion +o.o10 +0.030 
AB* DIFFERENCES FROM UNI- 
FORM MOTION 
p s x y Ax Ay 
Ce eee 257-5 4°78 —0°33 +4777 —o’10 —ol24 
E09 eas ee 250.9 4-97 +0.22 +4.97 —0.03 —0.04 
hE ae Rs ae 242.4 Rus +1.03 6224 oO. LE +0. 23 
ho Na ae 74,5 5-63 +1.84 +5.32 +0.09 +o0.31 
RGIS 3 Ay a. 224.9 5.66 « +2.71 +4.97 +o.06 —©.04 
TPR) Sa. ons 221.8 5.48 +2.89 +4.77 —o.1I —0.24 
Yearly | motion +0.044 ©.000 


* Interpolated from Lewis’ table, Memoirs R.A.S., 56, 214, 1906. 


The motion of A, relative to both B and C—especially in y— 
shows a distinct curvature, which appears to be nearly equal in 


t Monthly Notices, 6'7, 140, 1906. 
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amount in the two cases, indicating once more that the center of 
gravity of the system is near the fainter component. The curva- 
ture is at present too small to afford a reliable determination of the 
mass-ratio; but within twenty years a good determination will be 
possible. For this reason careful measures of AC, especially of the 
position angle, should be made every year. 

It might at first appear that our knowledge of the orbits of the 
spectroscopic binaries might help us here. But as only one com- 
ponent of each of these is bright, all that we can get from this is 
the value of TESES US (where m is the mass of the bright star, m, is 

é (m-+m,)? 
that of its invisible attendant, and 7 is the inclination of the orbit). 
This may for convenience be called the “‘apparent mass.” If 
T=, the actual mass of the system is (1-+c)3 cosec3 z times the 


I 


“apparent mass.’’ From Curtis’ data we have for the stars in 
question: 


ad sini iP. Apparent Mass 
ee Kort d 
a,Geminorum ....... 1,485,000 Q.219 0.0015 © 
ig eA cael sian ee 1,279,000 2.928 0.0097 © 


The ‘apparent mass” of the fainter component is six times that 
of the brighter; but the sum of the “apparent masses’’of the two 
is only 4} Of the real sum of their masses, previously determined. 

It is evident that, for one or both of the close pairs, c must be 
large or 7 small. Beyond this they are at present unknown, and 
hence the ratio of the “apparent masses” tells us nothing about 
the real mass-ratio. 

If the planes of the secondary orbits are approximately coinci- 
dent with that of the visual orbit (which seems plausible) and 
c is the same for the two close pairs, it must be about 6.5. If 
less than this for one pair, it must be more for the other. 

This is a much greater preponderance of the primary than has 
appeared in any of the systems susceptible of reasonably exact 
investigation. The greatest well-established value of ¢ is 3.0 
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in the case of Procyon.t. To get as small a value in the present 
case it would be necessary to assume that the orbits of the close 
pairs are inclined less than 30° to the plane of projection—that is, 
that both are inclined at least 35° to the plane of the visual orbit, 
and that the ascending nodes of both on this plane lie near its 
descending node on the plane of projection. This seems rather 
improbable, and the difficulty increases if we assume smaller 
values of c. It is therefore probable that the “dark”? companions 
in these two spectroscopic binaries are less massive, in comparison 
with their primaries, than is the case in any systems previously 
investigated. | 

However this may be, it is certain that the small “‘apparent 
masses”’ of these pairs are no valid indication of actual smallness 
of mass. This bears on the interpretation of numerous similar 
cases. The great range presented by the ‘‘apparent masses”’ of 
spectroscopic binaries has recently been discussed by Campbell? 
and by Schlesinger. It is easy to show that the number of small 
‘“‘apparent masses’’ is much too great to be explained by the chance 
occurrence of small values of 7. Schlesinger accounts for them by 
assuming that the masses of some of these stars are actually insig- 
nificant in comparison with that of the sun, and Campbell by 
assuming that in these instances the companions are of considerably 
smaller mass than the visible primaries. 

The present case, which is so far the only one in which the actual 
masses of such pairs can be found, confirms the latter explanation 
and is inconsistent with the former. 

Certain similar cases (e.g., 13 Ceti, « Pegasi) where one com- 
ponent of a visual binary is spectroscopically double, will further 
test this matter in future. 

Meanwhile the clear evidence in this typical case makes it seem 
reasonable to regard the very small “‘apparent masses” as evi- 
dence of small relative mass of the unseen companion, rather than 
of minute absolute mass of the whole system. 

PRINCETON UNIVERSITY OBSERVATORY 


November 12, 1910 


< Boss, Preliminary General Catalogue, p. 267, 1910. 
2 Lick Observatory Bulletin, No. 181, 6, 40, 1910. 
3 Pub. Allegheny Observatory, 1, 147, IgIo. 


PHOTOGRAPHIC DETERMINATIONS OF STELLAR 
PARALLAX MADE WITH THE YERKES 
REFRACTOR. I 


By FRANK SCHLESINGER 


Almost all the determinations of stellar distances that have been 
published up to the present time have been made with instruments 
of short focal lengths, surprisingly short when we consider the 
accuracy that. is demanded and has occasionally been attained 
in this class of work. Thus for example, the Yale heliometer, used 
by Elkin, Chase, and Smith to such good purpose, is only 2.5 
meters long. 

_ In 1902 some correspondence upon this subject passed between 
Professor Hale (then director of the Yerkes Observatory) and the 
present writer. It seemed very likely that, with the great focal 
lengths of modern refractors and the consequent increase of scale, 
it ought to be possible to bring about a considerable decrease in 
the accidental errors of observation, or else to reduce greatly the 
labor necessary to obtain results within a predetermined limit of 
error. ‘The founding of the Carnegie Institution late in that year 
afforded an opportunity for putting this idea into practice, for 
among its first grants was one for this specific purpose to Professor 
Hale, who invited the writer to take charge of the experiment with 
the great Yerkes refractor. My connection with the Yerkes 
Observatory extended from May 1903 until I assumed new duties 
at the Allegheny Observatory in March 1905. In this interval 
Professor Hale had been succeeded in the directorship of the 
observatory by Professor Frost, who was equally interested in the 
outcome of this work, and who made it possible for me to come 
it in its present form. 

It is a pleasure to acknowledge here, at the outset of these 
papers, my obligations to those who have contributed so largely 
to them in one way or another: first, to the Carnegie Institution, 
under whose auspices the work was undertaken, the Institution 
assuming the principal items of expense, such as the salaries of 
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myself and of a computer, and the cost of a measuring engine; to 
the Yerkes Observatory and its successive directors, for putting at 
my disposal the facilities of the observatory, including one-quarter 
of the total nights with the 4o-inch refractor, and for defraying 
all minor expenses, such as the cost of plates and recording blanks; 
to Miss Louise Ware, now of the Solar Observatory at Pasadena, 
who proved a most efficient assistant, and to whose conscientious- 
ness the measures and reductions owe much of their merit; to Mr. 
Frank Sullivan, night assistant at the telescope, who aided in secur- 
ing almost all the plates; to Mr. Philip Fox and Mr. Frank C. 
Jordan, who, at Director Frost’s request and with Mr. Sullivan’s 
assistance, secured the additional plates necessary to complete the 
series for certain of the stars; and finally to Mr. Robert H. Baker, 
who did some computing early in 1907, under a special grant to 
the writer by the Carnegie Institution. 


AT THE TELESCOPE 


That excellent photographs may be secured with a large visual 
refractor was first demonstrated by Mr. G. W. Ritchey,’ who 
employed the method of placing a yellow color-screen or filter 
immediately in front of a plate that is sensitive to the yellow as 
well as the blue rays. JI had expected to make use of this ingenious 
device for the parallax plates, but upon securing some photographs 
upon yellow-sensitive plates without a screen, and after comparing 
them with some of Mr. Ritchey’s, I came to the somewhat sur- 
prising conclusion that isolated images upon the former are not 
inferior either in smallness or sharpness to those upon the 
screened plates.” | 

The reasons for this I have given in some detail in the Astro- 
physical Journal, 20, 123, 1904. They are in brief that the plates 
employed, Cramer Instantaneous Isochromatic, act as their own 
filters for the region A 4800 to A 5200, as they are only slightly 
sensitive to this part of the spectrum. They have a strong maxi- 
mum at A 4500, but light of this wave-length is so much out of 

t Astrophysical Journal, 12, 352, 1900. 


2 Under the most favorable circumstances either kind of plate, taken with this 
telescope, will separate the components of a double star that are 0775 apart. 
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focus that it is spread into a circle about 2 mm in diameter by the 
time it reaches the plate, and is consequently much enfeebled if 
the source of light is a point. .For exposures of moderate length 
the only part of the spectrum that is effective in forming the image 
is included between A 5200 and A 5700, a region that is all in fairly 
good focus for a proper setting of the plate. If the exposure be 
prolonged, the brighter stars upon the plate will begin to show 
halos several millimeters in diameter, due to the blue and violet 
light. Such an image is not suitable for accurate measurement, 
even though its nucleus remains well defined. ‘This constitutes a 
disadvantage in the unscreened plates, since it is not possible, 
or at least not advisable, to include in the measurements as large 
a range of magnitudes as upon the screened plates. For parallax 
work, however, this is of no great consequence, because other con- 
siderations make it desirable that’ the comparison stars should not 
differ too greatly from each other in brightness, a pom that will 
be referred to later. 

The use of screened plates raises the question as to the effect 
of the screen’s presence upon precise measures, and the distortions 
introduced by a plate of glass in front of the sensitive film. It 
was deemed better to avoid this difficulty rather than to devise 
methods for overcoming it, and for this reason all the plates here 
discussed were taken without a screen. | 

The above remarks refer to the filters that were then available. 
I had pointed out? in 1904 that “the best screen for stellar work 
would not be one which cuts out only the blue rays, but rather 
one which prevented the region A 5200 to A 5400 from reaching 
the plate.” Since then Mr. R. J. Wallace, who had made the 
original screens without special reference to the Yerkes refractor, 
has had an opportunity for studying its color-curve in this connec- 
tion, and has succeeded in producing screens that leave little to 
be desired. Not only do they intercept almost completely all that 
portion of the spectrum that is out of focus, but they introduce 
practically no absorption for the yellow and orange rays. Stellar 
images secured with these later screens are superior to the earlier. 
in sharpness, and are more suitable for precise measurement. The 


.* Astrophysical Journal, 20, 125, 1904. 
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question whether screened plates or unscreened should be used 
for astrometrical purposes, in connection with a visual refractor, is 
thus reopened, particularly as I have recently shown that the 
errors introduced by photographing or measuring through glass 
are very small, even if ordinary glass has been employed, and are 
probably altogether negligible if the screen is made of worked 
~ glass.” 

The first few plates obtained for the parallax work were secured 
with a double-slide plate-carrier for 45 inch plates. This had the 
advantage of being readily attached to the telescope, but it was soon 
found that the field subtended was too small for practical purposes 
and the more cumbersome 8X 10 inch (20X 25 cm) carrier was used 
instead. A photograph of this instrument appears herewith (Plate 
XIX), and a brief description of it is as follows: A small diagonal 
prism P is placed just in front of the photographic plate, and near 
its longer edge. The bundle of rays from a star that would other- 
wise form an image upon the plate are thus brought to the focus 
of a positive eyepiece /, in which are two fine spider-threads, 
respectively parallel and at right angles to the diurnal motion. 
The 40-inch telescope having been pointed by means of the slow 
motions until the threads exactly bisect the image, the observer 
keeps the star in this position, and compensates for irregularities 
in the driving clock and in refraction, by moving the eyepiece 
with the two screws D and R. These screws are at right angles 
to each other, the first moving the eyepiece and upper slide upon a 
second or lower slide that is controlled with the screw R. The 
upper slide not only supports the guiding eyepiece but the plate- 
holder as well. Consequently the plate follows the apparent fluc- 
tuations of the stellar images with the same faithfulness that the 
guiding star is held at the intersection of the spider-threads in the 
eyepiece, and all the stellar images upon it remain small and round. 
In order to afford greater facility in finding a guiding star after 
any desired object has been placed in the center of the field, the 


t Publications of the Allegheny Observatory, 1, 101, 1909. As early as 1903, Luden- 
dorff (Publicationen des Astrophysikalischen Observatoriums zu Potsdam, 15, No. 49) 
had occasion to measure some plates through glass and concluded that the errors 
thus introduced, while appreciable, are not so large as to prohibit measurements made 
in this way. 
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guiding eyepiece is provided with a motion in the direction of the 
long edge of the plate; and with the same object in view the lower 
slide is mounted upon a circular casting that may be rotated in 
position-angle. This circular casting is provided with a coarse 
circle, graduated at every fifth degree; the index itself is graduated 
to single degrees. It is thus possible to set the instrument within 
a fraction of a degree, and this is ample for the present purposes. 
The whole plate-carrier, which weighs about 43 kilos (96 lbs.), is 
attached to the tail-piece of the telescope by means of four stout 
bolts B, B, and its position is fixed by two dowel pins. The tail- 
piece itself may be racked toward or from the 4o-inch objective, 
and it is in this way that the film of a plate is adjusted to the focal 
plane. The plate-holder is of brass, and loads from the back, as 
every plate-holder should that is to be used in precise work, for 
then the plate is supported along its entire perimeter by a suitable 
ledge, against which it is pressed by several weak springs.* 

The optical center of a photograph may be defined as the foot 
of a perpendicular let fall from the center of the objective on the 
plane of the plate. It is necessary (with photographs intended for 
accurate measurement) that we should know where the optical 
center lies, and that it should not be too far from the geometrical 
center of the plate. For this purpose an aluminum plate was made 
of the same size as the photographic plate, and it was fastened in 
the holder in precisely the same position that the photograph 
itself ordinarily occupies. ‘To this aluminum plate a small telescope 
was fixed, approximately perpendicular to its plane and projecting 
through a hole in its center. In its focus were two parallel wires, 
which could be adjusted so as to be tangent to the image of the 
40-inch objective. The plate was now removed from the holder 
and turned 180° around the optical axis of the large telescope. 
If the little telescope had been accurately perpendicular to the 
plane of the plate, and if the latter had been perpendicular to the 

* The plate-carrier was designed and constructed by Mr. Ritchey, and is the one 
used by him to obtain his lunar photographs; a few additions for which the writer is 
responsible were made to meet the requirements of the parallax work, consisting of the 
graduated scale on the guiding eyepiece slide, the graduated circle, the dowel pins 


to fix the position of the whole carrier, the metal plate-holder, and a device, to be 
described presently, for partially occulting the light of a bright star. 
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line joining its center with that of the 40-inch objective, the image 
of the objective would have again been tangent to the two parallel 
wires in the focus of the little telescope. The amount by which 
this fails to be the case can be estimated with sufficient accuracy 
and gives the position of the optical center. This method furnishes 
an accurate and convenient means for adjusting the ‘‘tilt’’ of the 
plate, and the writer has used it to advantage with several tele- 
scopes. 

In the present instance it was found that the optical center lay 
about 6 cm (11 minutes of arc) east of the geometrical center, and 
5 cm (9 minutes of arc) south of it, the telescope being west of the 
pier and directed to the intersection of the meridian with the 
equator. ‘These quantities are somewhat larger than we should 
expect. No adjustment for tilt had been provided in the design 
of the plate-carrier, reliance having been placed on the mechanical 
precision of the tail-piece, etc. A search was made to locate the 
cause of the divergence and it was found to lie in the inequality 
of the four tubes by which the tail-piece is racked toward and from 
the objective. The upper right-hand one of these was found to 
be nearly 2 mm longer, and the opposite one the same amount 
shorter, than the two others." 

This mechanical defect might have been corrected by remov- 
ing the tubes and making them the same length; but this would 
have occasioned considerable inconvenience and expense, and would 
have necessitated a readjustment of the solar and stellar spectro- 
graphs that are in constant use with this telescope. A simpler 
plan would have been to alter the plate-carrier so as to give it 
an equal tilt in the opposite direction. However, neither of these 
changes was carried out, the small field subtended by the photo- 
graphs making it unnecessary in the present work. With a set of 
comparison stars as they would ordinarily be distributed upon the 
plate, the deduced position of the central star would be affected 
by less than o”o1, if the optical center should change its position 
by as much as 3 cm. Therefore all that is necessary is that the 
tilt should not change beyond this limit. The test above described 
was carried out twice with an interval of two years, and was 


* The centers of the tubes form a square that is 64 cm on each side. 
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found to give substantially the same results. It was furthermore 
found that the tilt remained the same whether the tubes had been 
racked in or out. The flexure of the massive tube of the telescope 
may also introduce a slight change in the tilt, but this need be 
given no further consideration in the present work, since all the 
plates were taken with the telescope west of the pier and not far 
from the meridian; and the flexure is therefore always the same 
for any one star. 

As the time just after dark is very valuable in parallax work, 
especially if the regions are to be photographed near the meridian, 
it was desirable to devise some rapid method for setting the plate 
in focus, without suffering the delay incident to securing the usual 
“focus plate.’ For this purpose a rigid aluminum plate was 
fixed in the position ordinarily occupied by the metallic plate- 
holder. In its center an adapter was mounted, into which fitted 
a 750-power eyepiece, whose tube was graduated into millimeters. 
A focus plate having first been secured and developed, the tail- 
piece was racked in or out so as to place the film in the focal plane. 
The aluminum plate was now attached and the eyepiece pushed in 
or out until a star appeared in good focus. The reading of the 
scale upon the eyepiece was then recorded. These operations 
were repeated on several evenings and the mean of all the eyepiece 
readings was adopted as standard. In order to set the plate to 
focus on a subsequent evening, without securing a focus plate, all 
that it is necessary to do is to focus the eyepiece upon a star, to 
obtain the reading on its scale, and then to rack the tail-piece 
in or out by an amount equal to the difference between this read- 
ing and the standard. This not only saves much time but it is 
actually more accurate than securing a focus plate; for it was 
found that the standard readings for the eyepiece scale, as deduced 
from different focus plates, varied by as much as 2 mm; while the . 
eyepiece could be set to focus visually with considerably greater 
accuracy, if the definition were not too poor. 

Later in these papers we will discuss the amount of error that is 
incurred by a maladjustment of the plate to focus. 

Perhaps the most prolific source of error in early parallax 
determinations, particularly those made by means of photography, 
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has been what Kapteyn calls the ‘‘hour-angle error.”’ The com- 
plete explanation of its origin has not yet been given, but it is 
doubtless due, partly at least, to the cause assigned by Rambaut, 
who first called attention to this error under the name of ‘‘Atmos- 
pheric Dispersion.’’* Let us suppose that we have two stars in 
the same field, one of which is white and the other red. If the 
distance between the two stars is measured at such an hour-angle 
that the red star appears above the other, we shall get this distance 
too small, because the coefficient of refraction for blue rays, which 
are relatively richer in the white star, is greater than for the red 
rays. On the other hand, if we measure the distance between 
them at an hour-angle for which the red star appears below the 
other, we shall get a measured distance that is too large. In the 
present work, this source of error is less to be feared than is usually 
the case, since only a narrow region of the spectrum (A 5200 to 
A 5700) is effective in producing the images, no matter what the 
color of the star may be. It would be entirely feasible to eliminate 
this error, as well as any others that may depend upon the hour- 
angle, by investigating its effect with a properly planned series 
of plates, for each region under observation. But it is perhaps 
well to avoid the error altogether rather than to attempt to evaluate 
it; and this may be done by photographing the region, as Kapteyn 
has repeatedly urged, always in the same hour-angle and pref- 
erably near the meridian. This has accordingly been done for 
all the stars here discussed. It was of course not practicable to 
comply strictly with this condition, for the time with the Yerkes 
refractor is very precious; so that I did not wait until the next 
region came to just a certain hour-angle, but secured as many 
plates as I could during the night, even though some were taken, 
in extreme cases, as much as two hours from the mean hour-angle. 
An effort was made, however, to keep the mean hour-angle for the 
morning plates equal to the mean hour-angle for the evening 
plates of any one region. It can easily be shown that this procedure 
would almost entirely eliminate this error, if it is proportional to 
the hour-angle itself; and this must be approximately the case if 
the plates are taken not too far from the meridian. But even this 
* Monthly Notices, 55, 123, 1895. 
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less rigid condition could not always be complied with, and for a few 
of the regions the mean of the morning hour-angles differs consider- 
ably from that for the evening plates. In order that the reader 
may see for himself how these hour-angles run, this datum is set 
down for each plate in the tables of observations to be given later. 
Another possible source of error is “‘optical distortion.” This 
may be defined as an error in the place of stellar images, depending 
upon the orientation of the objective with reference to the tele- 
scope tube. If the objective were perfect in shape and homo- 
geneity, of course no such error could exist. This subject has 
been studied by several astronomers, and with especial care in the 
case of the two astrographic refractors at Helsingfors and the 
Cape of Good Hope. In both cases it was concluded by Dr. 
Furness' and Professor Jacoby” that no optical distortion of appre- 
ciable size exists. But it would be unsafe to extend this conclu- 
sion to other objectives, and this remark acquires particular force 
for the Yerkes refractor. The great weight and diameter of the 
lenses, and the consequent sag when the telescope is pointed near 
the zenith, produce their effect upon the photographic images, 
rendering them very slightly triangular, the vertices corresponding 
in position-angle to the three supports upon which the objective 
rests. This triangularity doubtless causes the bisections to be 
made at a slightly different place than if the image were perfectly 
round. The error varies with the magnitude of the star, since 
the triangularity is more pronounced with intense images and is 
in fact not at all apparent when the image is faint. The effect 
on the measures is in any case small, but it is very essential in 
parallax work to take it into the reckoning, where quantities of 
o”or become important if they are systematic. For this reason, 
it was decided not to reverse the telescope with reference to the 
mounting, but to observe with the tube always on the west side of 
the pier. For reversing a telescope of this form is equivalent to 
rotating the objective and its cell 180° around the optical axis, 


* Publications of the Vassar College Observatory, No. 1, p. 73, 1900. 
? Contributions from the Observatory of Columbia University, No. 19, p. 74, 1902. 


3 A trace of the effect of sag seems also to be present in visual observations. See 
the paper by Keeler in the Astrophysical Journal, 3, 154, 1806. 
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as referred to any configuration in the sky. If this were done, it is 
obvious that the distortion would at some times shift the images 
apparently to the east, say, and at others to the west. As the 
tendency would be to take all the evening plates with the tube to 
the east of the pier and all the morning plates with the tube to the 
west, almost the whole effect of the distortion would enter into the 
parallax determinations. It has been suggested by Jacoby that the 
objective be rotated 180°, around the axis of the tube, each time 
the telescope is reversed. ‘This would eliminate the error, but as 
no such rotation was provided for in the construction of the tele- 
scope, and as it is questionable whether it would be advisable to 
rotate this objective, the only alternative was to avoid reversing 
the telescope. 

There are other reasons why I decided to observe with the tube 
always west of the pier: first, the driving clock was found to per- 
form somewhat better in this position than in the other. Observ- 
ing from the west side, rather than the east, is in any case preferable, 
as it interferes with the work in the morning hours less than in the 
evening, and this is as it should be. Again, restricting operations 
to one side of the pier and to the neighborhood of the meridian 
preserves the constancy of conditions (so desirable on general 
principles in parallax work) as far as it is possible to do so. 

Toward the beginning of the work the rule of observing only on 
one side of the pier was violated for a few plates. Attention will 
be called to each of these cases in the tables of observations. 

As the focal length of the telescope is 19.36 meters, one milli- 
meter on the plate corresponds to 1076. The dimensions of the 
plates employed (20 cm by 25 cm) therefore correspond to about 
35 and 45 minutes of arc. In order to secure suitably situated 
comparison stars in sufficient number within so small an area, it 
is usually necessary to use stars down to about the tenth magni- 
tude, and for this purpose exposures of 5 minutes are ordinarily 
sufficient. With so long a focal length the size of the images 
varies greatly with the atmospheric conditions, and it is therefore 


1 The remarkable faithfulness of this delicate mechanism, used in connection with 
sO massive an instrument and in temperatures ranging from +30° to —30°C., isa 
source of constant admiration to all who have had the privilege of working with this 
telescope. 
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possible, under the best conditions and when the field is a rich_one, 
to reduce the exposures to 2 minutes. On the other hand, when 
the transparency is poor, and more especially when the definition 
is bad, it is necessary to double the normal exposures. 

The duration of exposure is fixed by the brightness of the com- 
parison stars, rather than by that of the parallax star.* The 
latter is usually considerable brighter than the former, occasionally 
by as much as seven magnitudes for some of the stars here investi- 
gated. But even when the difference is only two magnitudes it 
becomes a matter of difficulty, on a plate for which the comparison 
stars are sufficiently strong, to measure the overexposed and broad 
image of the parallax star. Some device for enfeebling the light 
of a bright star is therefore a necessity. To this end, I suggested 
several years ago” that the film might be rendered less sensitive in 
the small area upon which the bright image will fall, by local wash- 
ing with some colored fluid. A somewhat similar but more simple 
device was suggested to me with some hesitation by Dr. H. M. 
Reese: to expose the plate in the usual way, to develop first until 
the image of the bright star just appears, to ‘fix’ the plate at this 
point only, by the use of a drop or two of hyposulphite, and then 
after washing to continue the development so as to bring out the 
images of comparison stars. Dr. H. N. Russell3 has recently put 
in front of the photographic plate a sheet of plane-parallel glass, 
in the center of which, and nearly in contact with the film, is 
mounted a yellow patch of absorbing material. This appears to 
have worked well except as to permanency, a matter that there 
should be no great difficulty in overcoming. 

None of these devices is quite satisfactory for the purpose here 
in view, for it is not only necessary to reduce the image of the 
parallax star to such an extent as to make it measurable, but it 
is hardly less desirable to be able to control its brightness within 
narrow limits, say two or three tenths of a magnitude, in order 
that its image on the developed plate may be closely equal in inten- 


™ For the sake of brevity, we shall use this designation for the star in each field 
whose parallax we desire to determine. 


2 Astrophysical Journal, 10, 243, 1899. 
3 [bid., 26, 147, 1910. 
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sity to the mean for the comparison stars. The reason for this lies 
in the ‘‘guiding-error,”’ which is perhaps the largest item of acci- 
dental error still outstanding in general photographic work. ‘This 
is due to the impossibility of keeping the images of the stars exactly 
stationary upon the plate during the exposure. They will all 
wander more or less from their mean positions, and while these 
excursions are equal in amount and direction for all the stars upon 
the plate, they are registered to a different degree for bright and for 
faint stars. Consequently the position of any image will depend 
to some extent upon its intensity. Now the parallax computations 
may roughly be said to consist in subtracting for each plate the 
mean of the measures upon the comparison stars from that upon 
the parallax star. It is evident, therefore, that the effect of guiding- 
error will be almost entirely eliminated if the magnitude of the 
parallax star can be reduced to the mean of the magnitudes for the 
comparison stars. 

With this in mind I decided to try some mechanical method for 
occulting the light of the parallax star, and mounted an ordinary 
photographic shutter, about 4 cm in diameter, in the center of 
the plate-carrier. This was operated in the usual way by a tube 
and a hand bulb. The exposure began with the shutter closed, so 
that the light of the parallax star did not reach the plate. The 
observer then opened the shutter for a few seconds at a time and 
at intervals symmetrically distributed over the whole exposure. 
The developed plate showed excellent images for the parallax star, 
in no way distinguishable in appearance from those of the compari- 
son stars. I had feared that the effect of diffraction due to the 
shutter might be visible, but no trace of this appeared. When, 
however, we measured the four plates (each with three exposures) 
secured in this way, we found that the probable error of the relative 
position of the parallax star was threefold that for ordinary plates; 
that is, plates on which the parallax star was, to begin with, about 
as faint as the comparison stars. The explanation of this is the 
strong tendency of the observer to avoid opening the shutter to 
the parallax star unless the guiding star is exactly bisected by the 
cross-wires; but the guiding star usually shows a tendency to drift 
off the wires in a definite direction, let us say to the right, for any 
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one plate. Consequently the position of the parallax star, as ob- 
tained by means of the shutter, corresponds closely to the inter- 
section of the cross-wires, while the comparison stars correspond 
to points a little to the right. 

This experiment indicated the necessity for occulting the star 
automatically and continuously without the intervention of the 
observer. Accordingly a rotating disk with an opening of variable 
aperture was constructed, something after the fashion of an Abney 
disk photometer. This is mounted directly in front of the photo- 
graphic plate, with its center a little below that of the plate itself, 
as shown at O in Plate XIX. The disk is rotated perhaps six or 
eight times a second, by means of a small electric motor M just 
outside the plate-carrier, the motor being connected with the 
disk by means of a cord belt. The two halves of the disk can be 
rotated with respect to each other and then clamped, leaving a 
clear sector of any angular aperture desired up to nearly 180°. 
A scale and an index are provided so that the angle of opening 
can be set with accuracy. ‘ The whole device can be put into place 
or removed in a minute or two. | 

The method of using the rotating disk is as follows: the tele- 
scope is pointed so as to bring the parallax star to the center of 
the field, just above the axis of the disk. The opening of the latter 
is then set, let us say, at 36°, and the disk is put into motion. The 
exposure now begins; it is evident that only one-tenth of the light 
of the parallax star reaches the plate in several hundred inter- 
mittent exposures, lasting a few hundredths of a second each. 
Since the jaws of the opening are radial, it is obvious that this 
fraction of one-tenth is independent of the relative positions of 
the star and the disk, and of the speed at which the latter is rotated. 
The parallax star will, in this case, be apparently reduced in bright- 
ness by 2.5 magnitudes. For each region observed the amount 
of the opening was determined once for all by experiment, so as 
to reduce the apparent magnitude of the parallax star to the mean 
of the comparison stars. 

This method was found to be practicable up to reductions of 
7 magnitudes, corresponding to an angular opening of a little more 
than of%5. For smaller openings than this, that is, for greater 
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reductions, the uncertainty in setting becomes a considerable 
fraction of the whole opening, since the graduated scale is neces- 
sarily small on a disk that must not cover too large a portion of 
the photographic plate. The images thus obtained, like those with 
the photographic shutter, show no trace of diffraction effects due 
to the disk, and their measurement proves to be as accurate as 
upon unobstructed images of fainter stars. Some of the parallax 
stars in the present program are not very much brighter than the 
comparison stars, and for these the disk was not used. For similar 
work in the future, I should use the disk in relatively more cases than 
I have here, extending it to those fields in which the parallax star is 
only slightly brighter than the comparison stars. For experience 
has shown that the uncertainties in the measured positions, doubt- 
less chiefly because of guiding-error, are considerably greater for 
a field in which the parallax star is as little as one magnitude 
brighter than the comparison stars, than for a field in which the 
parallax star was reduced.by the rotating disk to approximate 
equality with them. 

The question as to how many exposures should be made upon 
each plate is an important one. At the outset I decided provi- 
sionally upon three; and later, when opportunity was afforded 
to investigate this matter from a discussion of measures made 
upon the plates, this number was definitely adopted as being about 
the most economical. In common with other observers, I found 
that measures of exposures upon the same plate have a tendency 
toward better agreement than between exposures on plates secured 
on different nights. From this point of view alone, therefore, only 
one exposure should have been impressed upon the plate. But 
the time consumed in setting the telescope upon a region, finding 
the guiding star, etc., is large compared with the length of the 
exposure itself, and consequently three exposures can be secured 
in less than double the time that a single exposure would require. 
It consumed an average of about fifteen minutes to change plates 
in the holder, to point the telescope to a new field, to set the scales 
on the finding eyepiece slide, the position circle, and the rotating 
disk, and to find the guiding star. Thus for five-minute exposures 
the first was obtained after a lapse of about twenty minutes, and 
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the third after a lapse of about thirty-two minutes. For longer 
exposures the gain in time is of course relatively less. 

The complete operation at the telescope was, therefore, as fol- 
lows: Shortly before dark the focus was obtained by the visual 
method described. The telescope was now pointed to a star 
in the program that was then on or near the meridian. The 
guiding for the first exposure was executed by myself; the guiding 
eyepiece slide was then moved to the right or left so as to secure 
a second exposure upon the plate separated from the first by 5 mm, 
and the guiding for this was done by Mr. Sullivan. At its comple- 
tion the slide was moved 5 mm to a third position and the guiding 
was resumed by myself. While Mr. Sullivan was guiding for the 
second exposure, I made the necessary notes and selected the next 
region to be photographed. Only one plate-holder was available, 
and at that time there were no facilities for changing the plates in 
the dome; so that it was necessary to take the holder to a dark- 
room in the observatory below, to store the exposed plate, and to 
put a fresh one in the holder. While I was doing this Mr. Sullivan 
pointed the telescope to the next star, from the information given 
on the ‘‘observing-card,’* rotated the dome, and put the rising 
floor into proper position. This process was repeated until about 
ten o’clock, after which time, and until well into the morning, it 
is not profitable to continue this work. ‘The ‘parallax factors”’ of 
stars that are on the meridian near midnight are small (except in 
rare cases) and plates taken under these conditions would add little 
to the observational material. Accordingly the opportunity was 
taken to develop a few of the plates just secured, in order to make 
certain that all was going well. The telescope was then used for 
other photographic work (such, for example, as securing plates of 
‘‘loose”’ clusters) until about two o’clock, when the parallax work 
was resumed. It will be seen that Mr. Sullivan’s assistance 
greatly facilitated these operations; it increased the output of 


* This card gave the position of the parallax star, the settings for the position 
circle, the guiding eyepiece slide, and the opening in the rotating disk, the normal 
length of exposure, and other information, such as a diagram of the stars in the field, 
that would enable the observer to begin the exposure with as little loss of time as 
possible. 
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the telescope, as compared with what one alone would have been 
able to accomplish in the same time, by at least 30 per cent. 

The plates that have been measured and reduced for the pur- 
poses of the present papers number 327, and they relate to 25 
different regions. Of these plates 201 were secured by myself, and 
the remaining 126 by Messrs. Jordan, Fox, and Sullivan. In 
addition, many other parallax plates were obtained successively 
by myself, by the observers named, and, since September 1909, 
by Dr. Frederick Slocum. These are to form the basis of subse- 
quent studies of stellar parallax at the Yerkes Observatory. 
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THE SOLAR ROTATION FROM THE MOTION OF THE 
FACULAE ON THE DISK (1906-1908) 
By STANISLAS CHEVALIER 


The history of this subject is short and well known. Only two 
investigations have to be considered, namely, that of Wilsing of 
the Astrophysical Observatory of Potsdam, who inferred that the 
rotation was uniform for all latitudes; and that of Stratonoff who, 
contrariwise, found that the phenomenon known as the equatorial 
acceleration extended to the stratum of the faculae. Although the 
conclusions of the latter were actually beyond doubt, it was clear 
that a new examination of the problem which should check, and 
increase the precision, if possible, of the values thus obtained, would 
not fail to be useful. Moreover, the recent investigations of Messrs. 
Hale and Adams upon the rotation of the flocculi and that of the 
reversing layer call for a more accurate measurement of the rotation 
from the faculae. It is for this reason, on the advice of Mr. Hale, 
that we have attempted to derive from the photographs of the 
Observatory of Z6-sé a new determination of that rotation. 

Preparation of the photographs.—We began by examining all the 
negatives of the years 1906-1908, in order to select those which 
would be able to furnish data for this work. It is necessary to find 
two photographs separated by an interval of about twenty-four 
hours, both of which are as sharp as possible, to permit of recognizing 
the same faculae with certainty on both of the plates. It does not 
suffice to find on them one and the same group, but it is necessary to 
be able to determine the same small facula and the same detail 
distinctly marked in the group. For this work of reconnaissance 
it is necessary to examine the two photographs side by side very 
carefully, with the assistance of eyepieces having greater or less 
power. These identical details once found must be marked in 
red ink on the varnished film of celluloid with which we cover all 
our negatives of the sun. This point should be marked as accu- 
rately as possible and in the same manner upon the two photographs, 
for the measurer has to determine the heliographic position. of the 
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point. The method of pointing is certainly not ideal, and it 
introduces a new source of error, which will be of the same order 
as errors of measurement. But with objects so delicate and diffi- 
cult of recognition, it was absolutely indispensable. 

This work of identification is important. and difficult, for the 
observer has no guide except the similarity of the form, and occa- 
sionally the relative position of the spot.. The mobility of the 
faculae is furthermore such that it is generally impossible to be 
absolutely certain of the identity of the two faculae. It is neces- 
sary to content oneself with a greater or less degree of probability. 
It is, therefore, inevitable that one must make some errors of 
identification. Sometimes the faulty identification of the faculae 
marked appears on the first attempt at measurement: then there is 
nothing to do but to discard it without giving it further attention. 
But there are cases where the error remains doubtful, where one 
does not know whether he is dealing with a facula having a very 
large proper motion, or whether there are two faculae of the same 
group more or less closely resembling each other. The observer is 
in the well-known situation where the extreme residuals must be 
rejected. | | 

Measurement of the plates.—The sources of error, and very appre- 
ciable ones, are numerous and inevitable in the measurement of the 
rotation of the sun from faculae. The proper motion of the faculae, 
their real changes of form, which occur often and rapidly, their 
changes of form due to perspective, the fact that their position is 
always so near the limb, which interferes with the precise determina- 
tion of their longitude—these are all necessary causes, to which we 
are obliged to add our errors of pointing. One therefore cannot 
hope to obtain anything more than a tolerable accuracy in the 
measures, except by making a large number of observations in each 
zone. 

It accordingly becomes indispensable to adopt some method of 
measurement which permits the determination of many thousands 
of heliographic positions without excessive labor. Since the begin- 
ning of our work on the sun we have employed a very simple pro- 
cedure in measuring heliographic positions on our photographs. 
It consists in placing upon the image of the sun a transparent 
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chart of the solar meridians and parallels, such as would be 
imprinted upon the image if they really existed. With the chart 
selected, and accurately fitted upon the solar image, the heliographic 
position of any object whatever upon the surface is obtained by a 
single reading. As our first charts seemed to be too imperfect, 
a series of new ones on a larger scale (disk of 40 cm diameter) were 
prepared for the work. ‘The series includes fourteen charts, each 
differing from the preceding one by increasing the latitude of the 
center by half a degree. From these charts the parallels are traced 
by alternate degrees from zero to 42°, and the meridians are traced 
at the same interval up to 80°. At the center of the chart one degree 
is equivalent to 3.5 mm, and the error of the ruling does not exceed 
o.I mm, or 0°03. Near the edges the relative error is naturally 
somewhat larger. These charts, drawn by our draftsman, Mr. F. 
Tsang, have appeared to be very satisfactory. Every one of them 
has been photographed several times, to conform to the size of the 
solar image at different dates. 

The maximum difference which is permitted to occur between 
the latitude of the center of the solar disk and that of the center of 
the chart employed is 15’. Its effect, which is nearly zero on the 
longitude, is more sensible on the latitude, but it is possible to cancel 
it by a double measurement with two charts between which the 
true latitude of the center is comprised. Mr. Hale, to whose 
examination I submitted one of the charts, as well as the plan of 
employing them in our work, replied as follows: 


I requested Professor Seares, superintendent of our computing division, to 
make a critical examination of the method of measurement and to report the | 
results to me... . Professor Seares believes that if a sufficient number of 
measuring scales is available, the error of measurement of a position should 
not exceed o°3 to o°5. It seems probable to me that results obtained by this 
method will be sufficiently precise, especially in view of the nature of the faculae 
and their rapid change in form. 


The sole difficulty of the measurement consists in accurately 
- fitting the chart to the solar image so that the equator of the chart 
coincides with that of the sun, and the central meridians and the 


* An example of these charts and a description of the method used in drawing 
them may be found in Vol. IV of the Annales of the Observatory of Zé-sé. 
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edges are accurately superposed. The two photographs are then 
placed between the clamps of a support which keeps them pressed 
one upon the other, before the eye of the observer. Using a 
magnifier, he has only to verify the coincidence and read the helio- 
graphic position. To diminish errors, but particularly to avoid 
the introduction of an error of 2° in the reading, which might 
easily be made, all the measures are done in duplicate and are 
verified in case of doubt. All these measures were made by Mr. 
Sinow Zeng, chief of the bureau of solar measures, and upon exami- 
nation of the double series of independent measures, it is manifest 
that the readings were very well made. 

Calculation and formation of the tables of observation.—Five 
hundred and seventy-two plates combined in pairs have been 
utilized in the work, from which 5216 heliographic positions of 
faculae have been derived. The positions of the same facula 
picked out on two plates separated by an interval of time 0, gener- 
ally about 24 hours, give by a simple difference the observed 
motion of the facula during the time @. The observed motion 
in longitude multiplied by the ratio 24:@ gives the synodic rotation 
of the sun in 24 hours. ‘To pass from this to sidereal rotation, it 
is only necessary to add the projection on the solar equator of the 
motion of the earth during the twenty-four hours. The 5216 
observations of the faculae have furnished 2608 measures of the 
diurnal sidereal rotation of the sun. All the observations have been 
reduced to tables of nine columns, containing: the date of the 
photographs and the factor 24:9; the successive number of the 
observed faculae, arranged by dates of the plates and upon each 
plate according to the latitude; the mean latitude and the observed 
variation in latitude; the distances to the central meridian measured 
on the two photographs, and the motion in longitude, which is 
deduced from it; the synodic rotation in 24 hours, and, finally, 
the diurnal sidereal rotation, which we shall designate by &, as is 
customary. The examination of the tables has led us to eliminate 
33 values, for which the variation in latitude, combined with the 
variation in longitude, implied a proper motion of the facula equal 
or superior to 3°. The reason for adopting that limit was that a 
summary examination gave 0°5 as the mean error of a measure. 
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Procedure, and result of observations.—To make use of the 2576 
measures of the rotation which remain, it was necessary to construct 
new tables which would be arranged, not chronologically, but 
according to latitude. For these abridged tables, which will be 
published in the Annales of the Observatory of Zé-sé, we have 
adopted the division into zones of 5°, from the equator to the two 
poles. Besides furnishing a number of zones, limited but sufficient, 
this division has the further advantage of being more readily 
adapted to a comparison between our results and those of other 
observers. We shall give here only the final results of the observa- 
tions, i.e., the rotation € obtained for each zone of five degrees, the 
number of observations made in the zone, the mean latitude of the 
faculae measured, the mean error of one measure of rotation, and the 
probable error of the mean. For completeness, we shall add the 
mean of the variations of latitude observed in each zone. 


. Nan TESS Probable | Mean Error) Mean | 

Latitude Zones heervations| Tati. | f° |Ergrotthe) of en = /Manehen 
+30° to +25°..... 42 2626 '"| Igf900 “‘TsOcIIs = b= 405 0°50 
OTD «ee hs see Q7 22.2 14.168 0.088 0.582 0.55 
20 200 ae 5 eee 246 ry ge I4. 209 6.049 Of 521 0.50 
ESvSEO HELO aes 8 371 To>A4 14.279 0.039 0.508 0.50 
Io to (A arg 312 f29 I4.451 0.044 0.530 0.45 
sto One a IOI 320 14.471 0.071 ©.479 O55 
Os i0i— 85 can ee 97 28 14.521 0.076 0.505 0.49 
mote Poe Mee eet 249 70 14.418 0.050 o.5ar O.51 
s~ LOVILO 1 5 eee 495 —T2's 14.390 0.036 0.467 0.43 
<i 5 oy LO Oe eae 359 Sree’ 147251 0.040 0.508 0.44 
JO" TO oy eres 222 —22.2 14.209 O.O51 0.507 0.53 
adn LO 30 ane 104 —26.8 14.042 0.063 0.432 0.54 


In order to give a still clearer idea of the solar rotation from 
faculae in the above table, we have drawn a curve of the values in 
the column under &€. The second curve of that figure, which is 
entirely regular, was drawn from the means of the same observa- 
tions, but grouped by zones of 10°. 

Briefly summarized, the conclusions which may be drawn from 
the curves are as follows: 

1. The equatorial acceleration is so clearly indicated in the 
whole zone from +30° to —30°, over which our observations 
extended, that it is absolutely impossible to fail to recognize it. 
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2. The acceleration is very regular, even on the curve of five- 
degree zones, and its irregularities may properly be assigned to 
errors of observation. 

3. The variations seem to be slightly less in the vicinity of the 
equator than in higher latitudes. This is furthermore entirely 
natural, since the curve passes through a maximum at about o°. 

4. The difference between the two hemispheres is so clearly 
indicated that it is difficult to attribute it to an accidental arrange- 
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Latitude 


Solar Rotation from motion of the faculae (1906—1908) 
— — — from 5° zones; —-—-— from 10° zones 


ment of errors of observation. All the values of € in the southern 
hemisphere are larger than the corresponding ones in the northern 
hemisphere. ‘There is but a single exception for the zone +5° to 
+1o°, and further, the general course of the curve leads us to think 
that the value of the zone +5° to +10° is a little too large. It 
therefore seems highly probable that during the period of three 
years, 1906-1908, the mean rotation has been actually a little more 
rapid in the southern hemisphere than in the northern. 

5. There is another very remarkable difference between the two 
hemispheres. The variation of velocity as a function of the lati- 
tude is more rapid in the northern hemisphere than in the southern. 
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6. According to the curve based on the observations by five- 
degree zones, the maximum velocity would not be found exactly 
at the equator, but a little south of it. 

The last point is, however, altogether doubtful; for it depends 
only upon the values obtained for the equatorial zone, which are 
less certain on account of the more limited number of observations. 

In grouping the observed values of € by zones of 10°, we obtain 
in each hemisphere three points which are nearly on a right line. 
Their arrangement entirely contradicts the remark under 6, 
although it confirms the others. 

Despite the fact that the differences between the two hemi- 
spheres seem to be real, as they are neither certain nor constant, 
they ought not to prevent us from combining the zones of the same 
latitude north and south to obtain a mean value which should be 
more accurate and more assured. This mean is given in the fol- 
lowing table. We have included the mean latitude corresponding 
to the mean value of €, and the number of days necessary for a 
complete solar rotation with the velocity assigned. 


Zones é Probable Error Latitude P oot ae 
Cot, aeeeee 14°495 = 0°033 he 24°836 
SPULO 10. Serene! 14.436 0.021 7.0 24.937 
TOSCO} hee 14.335 0.017 124 25.120 
LGWtG2 20-4, eee 14.236 0.020 1743 25.288 
20) £0 203-2 ae TA. 107 0.032 2D ae 25-357 
25 LOLOL = ene 14.001 0.041 26.8 Pak he 


Two formulae are almost equally well adapted to express this 
result, the one a function of the square of the sine, and the other a 
function of the cosine of the latitude, viz.: 


E=14°470—2°268 sin? A=868/2—136/1 sin? A; 
E=10°140+4°331 cos A=608/4+259/9 cosa. 


These two formulae give sensibly the same velocity of rotation for 
the different latitudes, within the limits of observation, but it is 
clear that they could not be extended to a higher latitude. 
Comparison of our results with those of other observers.—As there 
is only one other attempt at the measurement of solar rotation by 
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the faculae, that of Stratonoff of the Observatory of Pulkowa, we 
must first of all compare our results with his. Since Stratonoff’s 
memoir is not available to me, I will copy his values from the 
volume by Messrs. Hale and Fox, The Rotation Period of the Sun 
as Determined from the Motions of the Calcium Flocculi, No. 93 of 
the Publications of the Carnegie Institution of Washington. ‘The 
following table gives a comparison of the two series of determina- 
tions at Pulkowa and at Zé-sé. We have added the number of 
observations made in each zone to the value of the rotation found 
for the zone. To the table of mean values based on the same 
observations for the two hemispheres we have given a column for 
the probable error of the mean. 


NortTHERN HEMISPHERE SOUTHERN HEMISPHERE 
ZONES Pulkowa Z6-sé Pulkowa Z6-sé 
Number| é é Number | Number é é Number 
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m0 TC, Sear 390 T4761 || 14.451 413 9 TA. 03 -11240 415 249 
Portion 8. bi) T25 TA. 340) T4270 371 67 14.26 | 14.390 375 
PER ZOe . : <". IIo T4014 [145200 246 124 E42 eras 25k 359 
Mere eoe Ms ol kot 14.21 | 14.168 Q7 737 TAst7 \°TA.200 22 
LG at te ea 10g 13.97 | 13.900 42 IOI 14.20 | 14.042 104 
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eRe ot 9G Re a Se cerca ne ee a ony, 24 Fours. Cato 
MeEans OF BotH HEMISPHERES 
ZONES Pulkowa Z6-sé 
é € é € 
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Ry gt 205 «> i 14.18 0.036 14.296 0.020 
BORE SS to os $4010 0.036 14.197 0.032 
Pee £202, 14.08 0.040 14.001 0.041 
Ie ges 5 es os 13.60 ONS Gilmer hie Pong ae. Pe te ee oe 
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It seems evident, owing to the much larger number of observa- 
tions, that our series marks an actual progress in the study of the 
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question. The superiority of our series follows less from the com- 
parison of probable errors than from the regularity of the values 
obtained. If the accordance of the two series is not complete, it is 
nevertheless very satisfactory, at least for the zones where the 
Pulkowa series has a sufficient number of observations. ‘The dis- 
cordance is hardly worth considering, except in the two equatorial 
zones from 10° to o°, but for those two zones Pulkowa has only a 
very small number of measures, forty-eight for one and nine for 
the other. The value 14°61 for zone 5° to 10° is in accordance 
neither with those of a higher latitude, nor with those of the zones 
OmtOrn | 

Comparison with the rotation derived from spots—We now should 
compare the rotation we have determined from the faculae with 
that from the motion of spots. The spots lie in the photosphere, 
while the faculae float at a great distance above them. Do these 
two strata share in the same rotation? ‘This comparison ought 
to settle the question. Unfortunately in spite of all the work on 
the spots and the solar rotation according to the motion of the spots, 
we have no expression of that rotation of which we may be truly 
certain. The formulae proposed, following that of Carrington, 
are numerous, but they are in very poor agreement among them- 
selves, as well as with those which we have derived from the move- 
ment of the faculae. They are: 


Carrington, £=865’—16s’ sin } XQ. 
Faye, €=862'’—186’ sin? X. 
Spoerer, §=512/0+347/9 cosa. 
Tisserand, €=857/6—157’ sin? X. 


The most extensive work on the subject, and that which has 
involved the most numerous observations, seems to be that of Mr. 
and Mrs. Maunder, entitled ‘‘Solar Rotation Period from Green- 
wich Sun-Spot Measures,” Monthly Notices, 65, 813, 1905. Out 
of 4700 groups of spots observed from 1879 to 1901, during two 
eleven-year cycles, the Maunders have retained only 1872 groups, 
which were observed at least for six days. They obtained two 
different expressions for the rotation: the one derived from all the 
groups, each of which was treated individually with regard to its 
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transit across the disk; and the other from the spots of long 
duration observed at least on two successive transits: 


From the first, €=875/7—164’ sin? X. 
From the second, €=866/6—128’ sin? 2. 


The second of these formulae is in almost complete accord with 
that which we have derived from the movement of the faculae. 
It seems furthermore to deserve more confidence than the first 
formula, for, in the first place, it is less compromised than the 
first by the objections which may be raised against Mr. Maunder’s 
method; in the second place, as that author remarked, “‘there is 
no doubt that these groups [long-lived groups] are much more 
free from the effect of accidental motions than the groups when 
considered separately at each apparition.’’ But, in view of such 
different formulae to represent the same phenomenon, the observer 
is in much perplexity. Each formula represents the mean rotation 
of a certain number of spots, which may differ from the mean 
rotation of a certain number of other spots, and differs from the 
rotation of the photosphere. The last fact is the most important 
one to consider, for to make deductions from the rotation of a certain 
number of spots, it is necessary that the sum of their proper motions 
should be zero. We are consequently under the necessity of 
employing in this research only those spots which have small 
proper motions, under penalty of vitiating the result, and of compar- 
ing among themselves the heliographic positions of points that are 
well determined. 

The conclusion of the comparison which we have attempted 
to make seems to us clearly to indicate that the rotation of the 
faculae does not differ more from the rotation of the spots than the 
rotations of different spots differ among themselves. To make 
a more accurate comparison of the rotations of these two super- 
posed strata, it would be necessary to know both with a greater 
degree of certainty. 

Comparison with the rotation determined from the floccult.—There 
is only one. preliminary work upon this rotation, that of Messrs. 
Hale and Fox, already cited. We are therefore able to compare with 
provisional results only. It is sufficient to say that it is necessary 
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that we should not be hasty in drawing conclusions. It will more- 
over be useful to place before the eyes of the reader the two results 
as we have arranged them in the following table: 


| NORTHERN HEMISPHERE SOUTHERN HEMISPHERE 
ZONES 
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According to these preliminary results the rotation of the floc- 
culi would seem to be more rapid at the equator than that of the 
faculae; but their variation of velocity as a function of the latitude 
would be more much rapid than for the faculae. 

Comparison with the rotation of the reversing layer —The memoir 
by N. C. Dunér is still the most complete work upon the rotation 
of the reversing layer, at least to our knowledge. According to 
Dunér, the rotation of the absorbing stratum is well represented 
by the following formula: 


— 14°807—4°172 sin? A, 
while we have found for the faculae 
E=14°470—2°268 sin? A, 


The rotation of the reversing layer would therefore be still more 
rapid than that of the flocculi. As for the flocculi, the variation 
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as a function of the latitude is still more rapid than that which we 
have found. 

The last two comparisons would favor the supposition that the 
acceleration derived from our measures may be a little too small, 
but its agreement with the formula which Mr. and Mrs. Maunder 
have derived from a study of spots of long duration is, on the con- 
trary, favorable to its correctness. This question, therefore, still 
requires new investigations before it can be fully cleared up. 
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Physik der Sonne. Von E. PrincsHemm. Leipzig and Berlin: 
B. G. Teubner, 1910. 8vo, pp. 435, with 235 diagrams and 
7 plates; cloth, M. 18. 


Never in the history of astronomy has the interest in solar research 
been so great as at the present time. The perfection of the spectro- 
scope, the invention of the spectroheliograph, the construction of great 
astrophysical observatories, and the activity of the International Union 
for Co-operation in Solar Research have all contributed largely toward 
this end. Great discoveries and new theories have followed each other 
so rapidly that it has been difficult to keep pace with them. Under 
these conditions any book on the subject must necessarily be somewhat 
out of date by the time it leaves the press. However, in the Phystk der 
Sonne we find an excellent résumé of the status of the scientific knowl- 
edge of the sun down to the year 1909. 

For many years Professor Pringsheim gave a course of lectures 
under the above title at the University of Berlin, and the book is the 
outcome of these lectures. They were open to students of all the faculties 
and were therefore popular in nature. The book likewise will appeal 
not only to astrophysicists and physicists, but to all who are interested 
in general science. 

In the introduction the author deals with the sun as the source of 
all terrestrial energy and considers its influence upon the life on the 
earth. In successive chapters he discusses the distance, size, and mass 
of the sun; the photosphere; solar rotation and periodicity of solar 
activity; spectrum of the sun and its chemical composition; solar 
eclipses; chromosphere and prominences; solar theories; corona and 
solar atmosphere; flocculi, vortices, and Zeeman effect; and radiation 
and temperature of the sun. 

For many readers the most interesting chapters of the book will be 
those that deal with the theories of the sun. ‘Die Theorien entstehen 
und vergehen wie die Blatter der Baume und die Geschlechter der 
Menschen,” as the author says. On account of their historic interest, 
several of the older theories are given in outline; e.g., the theories of 
Cossini, Wilson, Bode, Herschel, Kirchhoff, Zéllner, Respighi, and 
Lockyer; while the more modern theories of Young, Schmidt, Schwarz- 
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schild, Julius, Emden, and Oppolzer are discussed more in detail. The 
anomalous dispersion theory of Julius is given more attention than any 
other. The author says that this theory has always been taken more 
seriously by physicists than by astrophysicists. ‘This is perhaps quite 
natural. It is very difficult for one who has observed sun-spots, faculae, 
flocculi, and prominences to accept a theory which explains them as 
mere illusions. 

Interesting summaries of numerical data appear throughout the 
book. ‘The latest value of the sun-spot period is given as 11.125 years, 
with sub-periods of 8.344 and 4.768 years. From a discussion of the 
values of the solar constant from the determination of Pouillet in 1837 
down to that of Abbot and Fowle in 1908, a mean of 2.2 is derived, and 
from this an effective temperature of 6033° absolute. 

Tables of the distribution of light, heat, spectral and chemical 
intensity over the sun’s disk are given, as well as the transmission 
coefficients for different wave-lengths. From a combination of the 
determinations by different methods of the daily velocity of rotation, 
mean values are derived ranging from 14°7 at the equator to 11°8 at 
about latitude 75°. These values will be somewhat changed by the 
more recent investigations of Adams, Perot, and others. 

The illustrations are for the most part poor, partly due to the poor 
paper upon which they are printed. Figs. 113 and 114 have been so 
retouched in the process of reproduction that they bear little resem- 
blance to the originals. 

Attention may be called to a few mistakes. The date of Fig. ror, 
p. 181, is May 28, 1900, not 1893 as stated on p. 182. To preserve the 
historic interest of Fig. 103, p. 182, the exact date July 9, 1891, should 
be added. Referring to the working of the Rumford spectroheliograph, 
the two slits are fixed and the exposure is made by moving the sun’s 
image over the first slit and the photographic plate over the second, and 
not as stated at the foot of p. 187. Figs. 108, 109, 110, and 111 are all 
from photographs taken at the Kenwood Observatory, not at the Yerkes 
Observatory as stated on p. 189. In Fig. 116, p. 195, the use of C 
between D, and F, apparently to denote coronium, is misleading, if not 
actually incorrect. Pringsheim himself calls attention to the fact that 
the chromospheric line 1474 K has a wave-length of 5316.8 and is not 
identical with the chief coronal line, the wave-length of which is now 
given as 5303.3. In Ricco’s original plate in the Comptes Rendus this 
line is marked 0. Fig. 183, p. 311, is from a drawing by Professor 
William Harkness based on twelve photographs. 
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Throughout the work original sources are cited, forming an excellent 


bibliography of the whole subject. 
FREDERICK SLOCUM 


Les théories modernes du soleil. Par J. Boster. (Encyclopédie 
scientifique.) Paris: Octave Doin & Fils, 1910. Pp. 370, 
with 49 diagrams. Fr. 5. 


It is a question whether the observations of any natural phenomena 
have ever been explained in a greater variety of ways than the observa- 
tions made on the sun. According to the various theories the same phe- 
nomena may be explained by the principles of conventional circulation, 
chemical dissociation, thermodynamics, electrodynamics, refraction, 
radioactivity, anomalous dispersion, etc. 

M. Bosler has set forth most of the different theories in a very 
elementary way, and, in some cases, has added comments on the merits 
of the theory. It is interesting to note how the development of the 
theories has paralleled the development of science, and the reader will 
undoubtedly feel that the development must proceed farther before a 
satisfactory theory is found. | | 

The illustrations are, with only a few exceptions, very poor. Fig. 
45, p- 321, should be inverted, the legends remaining as they are. 


FREDERICK SLOCUM 


The Spectroscope and Iis Work. By H. F. Newatr. London: 
Society for Promoting Christian Knowledge (New York 
Agent, E.S. Gorham), 1910. 12 mo, pp. 163, with 58 figures, 
eight half-tone plates, and a frontispiece of colored spectra. 
25°00. 


This appears as one of the “Manuals of Elementary Science” of 
the society named above. It should fulfil its purpose admirably, for 
it gives a sketch of nearly the whole field in a clear and simple manner. 
Difficult as is the task of writing a treatise on a given specialized depart- 
ment of science, that of selecting the main points and then compressing 
them into a primer of 160 pages is In some ways a greater one. 

The first thing that strikes the reader is the fresh method of pres- 
entation of what is to some a familiar subject: the author has used his 
own original ideas, without being over-influenced therein by the classical 
works of earlier days. The figures are new and appropriate: one misses 
the old-time woodcuts, some of which have done good service for nearly 
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threescore years since their first appearance in memoirs of the pioneers 
of spectroscopy. 

The book is written also to encourage personal observation in a 
fascinating subject. The historical facts are not omitted, however, and 
room is found for quotations from Newton’s memoir on optics of 1675. 
After briefly describing the essentials of the spectroscope in an early 
chapter, the author later reverts to the subject in a particularly useful 
chapter entitled ‘Increase of the Power of a Spectroscope.”’ This will 
be of value to many besides beginners in spectroscopy. 

Five chapters are devoted to the work of the spectroscope in its 
astronomical applications, and these necessarily have to be brief. Two 
valuable chapters are entitled ‘Law in the Spectrum,” one dealing 
with the continuous spectrum, the other with bright-line spectra. An 
excellent brief exposition of diffraction and the measurement of wave- 
length is given in chap. xiv. The final chapter treats of variations in 
the spectra of gases and vapors. 

The plates are good, and the colored frontispiece should help the 
general reader in understanding the fundamental differences of spectra. 
The book deserves a wide circulation and is further recommended as a 
good work for collateral reading by classes in general astronomy. 


EoB. FE. 
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taken by Professor Barnard. Stereograms (on paper or glass) 
of this comet and plates of its spectrum. 


Various Photographs of 


Halley’s Comet 


taken at intervals from September 1909 to July 1910. Also 
‘copies from old prints and drawings made at previous returns. 


Photographs of 


Saturn, Mars, and Jupiter 


recently obtained with the 40-inch telescope by Professor 
Barnard. 


Spectroheliograms of 
Sun-Spots 
showing vortices in the solar atmosphere. 


Spectrograms of Rapid Spectroscopic 


Binary Stars 


Catalogue, with appendices, referring to about 600 Astronomical 
Subjects, now available, will be sent free on request. 


Address Dept. P 


The University of Chicago Pies 


Chicago, Illinois 


Bulletin of Recent Publications of 
The University of Chicago Press 


Pragmatism and Its Critics. By Addison W. Moore, Professor 
of Philosophy in the University of Chicago. 


294 pages, 12mo, cloth; postpaid $1.61 


This is the clearest and most satisfactory summing-up of the 
controversy that has yet appeared. Even the most technical 
matters are presented in such a way as to be intelligible to anyone 
who is genuinely interested in the movement. ‘The book covers 
all the important points at issue, but special emphasis is laid on: 
(1) The historical development of the pragmatic movement; 
(2) Its relation to the conception of evolution; (3) The social 
character of pragmatic doctrines. 

The treatment is sympathetic and incisive. 


The Education of Women. By Marion Talbot, Dean of Women 
in the University of Chicago. 


266 pages, 8vo, cloth; postpaid $1.37 


A book which treats of the increasing influence of women 
during the nineteenth century; their advent into industrial 
and commercial spheres; their admission to colleges and uni- 
versities; their development along civic, philanthropic, domestic, 
and social lines; with a study of the educational machinery af- 
fecting women and suggestions for changes in academic training, 
hygienic education, social and domestic life, with special refer- 
ence to the college period. Fifty years of experiment have 
proved that educational methods are ineffectual if they do not 
take into account the peculiar wants of womankind. +, #8: 


Journal of Education. No one in the United States is better prepared by 
experience, taste, and associations to treat of this subject than is Dr. 
Marion Talbot. A native of Boston, and a graduate of Boston Uni- 
versity, she has lived in Chicago for twenty years, has been dean of 
the women’s department in Chicago University for most of that time, 
and has been a st udent of all phases of the problem of woman’s educa- 
tion. Add to this her scientific trend of thought and her literary 
skill and you have all the conditions to write the best book on the 
subject, and here you have that best book. 
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The Meaning of Social Science. By Albion W. Small, Professor 
of Sociology in the University of Chicago. 


320 pages, 12mo, cloth; postpaid $1.62 


A recent German writer has said: ‘‘The future of scientific 
investigation, not merely in the realm of the social sciences but 
of all the sciences, will lead in an ascending degree to the increas- 
ing recognition of the coherence of all scientific thought. The 
separation into distinct disciplines will no longer have, as its last 
result, the isolation of the investigators, but a more general, 
more comprehensive investigation will arrive at the principles 
which are to be held in common, and thus will arouse the con- 
sciousness that science is a unity.’” 

The Meaning of Social Science outlines a plan of co-operation 
among the various types of specialists in social science. Its 
keynote is the proposition that the main business of social science 
is to be the agent of all men in finding out the meaning of life, 
including in particular the means by which men may most surely 
progress toward the largest realizations of life. 


Source Book for Social Origins: Ethnological Materials, Psy- 
chological Standpoint, Classified and Annotated Bibliographies 
for the Interpretation of Savage, Society. By William I. 
Thomas, Associate Professor of Sociology in the University 
of Chicago. 


940 pages, 8vo, full buckram, gold ornamented, sewn on tape; postpaid $4. 77 


The work is divided into seven parts: 1. External Environ- 
ment (Anthropogeography and Primitive Economics); 2. Primi-_ 
tive Mind and Education; 3. Early Marriage; 4. Invention 
and Technology; 5. Art, Ornament, and Decoration; 6. Magic, 
Religion, Ritual, and Ceremonial; 7. Social Organization, 
Morality, and the State. The papers forming the body of the 
collection are by eminent modern anthropologists. The bibliog- 
raphies are the chief feature of the book. 

The Nation. 'The selections are judicious. 

Yale Review. Pre-eminently a labor-saver for the instructor. 

Public Libraries. Should prove of particular value to small libraries. 

Psychological Bulletin. Admirably adapted to orient the beginner and to 
serve as the basis for class-room work in the subject. 
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Outlines of Economics. Prepared by M embers of the Depariment of 
Political Economy of the University of Chicago. 


120 pages, interleaved, 12mo, boards; postpaid $1.35 


This inductive course in economics has proved so successful 
in classes at the University of Chicago that a preliminary edi- 
tion is now issued in a form available for use elsewhere. While 
it covers more ground than is usual with a preliminary course, 
it is so logical and at the same time connected so closely with 
the student’s previous knowledge, that the average class should 
have no difficulty in mastering it. The course is arranged as 
follows: (A) Introductory; (B) Economic Wants, Motives, and 
Choices; (C) The Productive Process (Meaning of Production, 
Natural Agents, Labor, Capital, Organization); (D) Exchange 
(Markets, Value, Mechanism 6f Exchange, International Trade); 
(E) The Distributive Process (Rent, Wages, and Trade Unionism, 
Interest, Profits); (F) Public Finance and Taxations (Public 
Expenditure, Public Revenue); (G) Social Reform (The Present 
Order, Remedies, Ideals). 


Bibliography of Economics for 1909: A Cumulation of the Bibli- 
ography appearing im the Journal of Political Economy from 
February, 1909, to January, 1910, Inclusive. Edited by the 
Faculty of the Department of Political Economy of the Univer- 
sity of Chicago. 


296 pages, 8vo, cloth; postpaid $2.69; with the Journal of Political Economy for one 
year, postpaid $4.25 


The Bibliography covers books in English, French, German, 
and Italian; the government publications of the United States 
and Great Britain; articles in one hundred periodicals; and im- 
portant state and association publications. ‘The subjects covered 
are as follows: Accounting and business methods; agriculture 
and the land problem; colonies and dependencies; combina- 
tions and corporations; commerce and trade; communication; 
economic history; industries; insurance; labor problems; race 
problem; migration and population; money, banking, and credit; 
resources; social economics; socialism, communism, and anarch- 
ism; statistics; stock exchange and investment; taxation, public 
finance, and tariff; theory; transportation; etc. 


3 


THE UNIVERSITY (OF CH 1LC@G)7 2 ke 


The American Newspaper. By James Edward Rogers. 
228 pages, 16mo, cloth; postpaid $1.10 


Histories of journalism are few, and most of those that we 
have are out of date, for the modern newspaper changés rapidly. 
The newspaper of today is vastly different from that published 
twenty years ago. There are few books dealing with the history 
of journalism in the different countries of Europe, and until 
recently there was none that described the modern growth of 
the press. The story of the modern American newspaper is yet 
to be told; practically nothing has been written of the recent 
wonderful development of the modern press, especially along 
financial and mechanical lines. This is the field of Mr. Rogers’ 
original and illuminating book. 


Philadelphia Ledger. While the work in its conclusions is a cold, dispassion- 
ate survey of the subject, it contains chapters that are aglow with the 
romance of journalism. 


San Francisco Chronicle. A good book. Its first sentence rivets the inter- 
est, which never slackens until the last page is turned. 


The Armenian Awakening. By Leon Arpee. 
240 pages, r2mo, cloth; postpaid $1.36 


Beginning with the “Dark Ages” of Armenian history, the 
author traces the religious struggles of this people from the time 
of the introduction of Christianity into their midst by Gregory 
the Illuminator. 

It is a matter of common knowledge that political forces have 
been a strong factor in the persecution to which this people has 
periodically been subjected. All the sidelights which the con- 
dition of European politics could throw on the situation have 
been employed by the author, and he leaves the reader with a 
clear understanding of the various motives for the frequent out- 
breaks against the Armenians that have aroused the Christian 
world. | 


New York Times. A learned and minute history. 
The Interior. The whole story is intensely interesting. 


American Historical Review. A most valuable contribution to the history 
of the Armenians. 
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The Treatment of Nature in English Poetry. By Myra Reynolds, 
Associate Professor of English Literature in the University of 
Chicago. 


410 pages, 8vo, cloth; postpaid $2.70 


No phenomenon in the history of English literature is more 
interesting than the growth of the appreciation of nature by the 
poets. Professor Reynolds has traced this development from 
the times of Dryden and Pope, through a legion of major and 
minor poets, to Thomson, Goldsmith, and Gray, with the pains- 
taking care that distinguished her work in The Poems of Anne 
Countess of Winchilsea. Extremely original and valuable are her 
investigations into the arts parallel to poetry. She treats of 
fiction from Richardson to Mrs. Radcliffe, nature in garden- 
ing, the appreciation for nature manifested in published travels, 
and the attitude of painters toward landscape painting. The 
book is illustrated with copies from the work of contemporary 
artists. 3 i 
The Nation. Asa work of reference the book is highly valuable. 


E. E. Hale, Jr., in The Dial. In the field of the history of culture she has 
produced a book that one cannot do without. I know of no other 
place where so much of value in its own field is given, where the course 
of general culture of that day is so well exhibited. 


Elkanah Settle: His Life and Works. By Frank C. Brown. 
190 pages, 8vo, cloth 


This little-known poet, whom Pope sketched in the Dunciad 
(III, 35-42), is here set before the reader as clearly as the present 
state of the sources permits. He was born in 1648 and died in 
1724, and the list of his plays and other writings in verse and 
prose is a considerable one. The book includes a painstaking 
biography, a list of the writings known to be his, a critical dis- 
cussion of his work, and a valuable bibliography. Half-tones 
from old prints, title-pages, etc., add to the attractiveness of the 
volume. Apart from the interest that literary students will feel 
in this raising of an old poet from obscurity, Mr. Brown’s work 
will have permanent value for the sidelight it throws on the life 
of the period. 
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English Poems, Selected and Edited with Illustrative and Explana- 
tory Notes and Bibliographies. By Walter C. Bronson, Pro- 
fessor of English Literature, Brown University. 


436, 562, 558, and 636 pages, 12mo, cloth; $1.66 per volume, postpaid. Students’ edi- 
tion $1.15 per volume, postpaid 


This series of four volumes is intended primarily to afford 
college classes in English literature a convenient, inexpensive, 
and scholarly collection of the most important English poetry. 
The selections, so far as possible, are complete poems. The 
notes contain explanations of words and allusions; statements 
by the poet or his friends that throw light on the poem; the 
poet’s theory of poetry; and extracts from contemporary criti- 
cism. ‘The books are supplied with bibliographies, glossaries, and 
indices of authors, titles, and first lines. They are admirably 
suited to the needs of the general reader and the library, and for 
these a “library edition’’ has been prepared, containing the same 
material but with heavier paper and more ornate binding. The 
series as now completed takes its place as the best general 
collection of English poetry that has yet been offered at a reason- 
able price. 


The following institutions have adopted one or more of the volumes 
as texts: Harvard University, Yale University, Princeton University, 
Cornell University, Brown University, Dartmouth College, Leland Stan- 
ford Jr. University, University of California, University of Illinois, Uni- 
versity of Minnesota, Northwestern University, University of Rochester, 
University of Nebraska, University of Texas, Indiana University, Oberlin 
College, University of Washington, West Virgina University, Baylor Univer- 
sity,*State College of Washington, University of North Dakota, Univer- 
sity of Alabama, University of Maine, Bucknell University, State Univer- 
sity"of Kentucky, Wittenberg College, Hope College, Arkansas College, 
Occidental College, Cornell College, Northwestern College, University of 
Mt. Allison, Kansas Wesleyan University, Eureka College, Ursinius College, 
Burleson College, Grenada College, Iowa State Teachers College, Colorado 
College, Southwestern College, Fisk University, Morningside University, 
Whitman College, Randolph-Macon Woman’s College, Lafayette College, 
Howard Payne College, Yankton College, Rutgers College, Fairmont Col- 
lege, Moore’s Hill College, Franklin College, Albany College, Ashland Col- 
lege, Hamilton College, Augsburg Seminary, Marshall College, Cumber- 
land University, Caldwell College, Newcomb College, Hardin College, 
Livingstone College, Meadville Theological Seminary, Albert Lea Woman’s 
College, Lindenwood College, Salem College, Greenville Female College, 
Ward Seminary, Western Kentucky State Normal, State Normal School 
(Warrensburg, Mo.), State Normal School (Kirksville, Mo.), Pennsylvania 
State Normal School, State Normal School (San Diego, Cal.), Farmington 
(Me.) State Normal College, Montana State Normal College. 
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Questions on Shakespeare: A Plan of Study Intended to Develop 
the Student’s Personal Judgment. By Albert H. Tolman, 
Associate- Professor of English Literature in the University of 
Chicago. 


Part I, INTRODUCTION: 220 pages, 16mo, cloth; postpaid 81 cents 


Part II, First Histories, POEMS, AND COMEDIES: 364 pages, 16mo, cloth; 
postpaid $1.09 


The exercises on each play follow a logical order, embracing 
general questions, questions on individual acts and scenes, char- 
acter-study, the relation of the play to its sources, and questions 
concerning the text or meaning. Part I is introductory to the 
series. It includes “The Study. of Shakespeare’s Language,” 
“The Study of Shakespeare’s Verse,’ and a select general 
bibliography. Part II contains detailed questions for the study 
of Shakespeare’s four early histories (the three parts of Henry 
VI, and Richard III) which deal with the fall of Lancaster and 
the coming of Tudor; the poems; and the first comedies, Love’s 
Labour’s Lost, The Comedy of Errors, The Two Gentlemen of 
Verona, and A Midsummer Night's Dream. 

Dr. Horace Howard Furness, Editor of the New Variorum Shakespeare. I 
have had time only to look hastily through them, but no haste can 
countervail the manifest and manifold proofs of your unsparing labour 
and thorough scholarship. It is fairly astonishing what a deal of infor- 
mation in all departments of Shakespearian study you have compiled, 


and set forth alluringly—no small consideration where young people 
are concerned—within so small a space. 


Petrarch’s Letters to Classical Authors. A Translation of Selected 
Epistolae with Notes by Mario E. Cosenza, Instructor in the 
Latin Language and Literature in the College of the City of New 
York. 

224 pages, 12mo, cloth; postpaid $1.09 

The reader who wishes to enjoy Petrarch for his own sake 
will find in Professor Cosenza’s translation much of the beauty 
of the original. The translation will be useful also to the stu- 
dent and the literary investigator. The author’s notes at the 
end of every letter are comprehensive and eminently readable, 
comprising a discussion of the merits of each letter, its arrange- 
ment and object, and a valuation of previous translations. The 
book gives a vivid picture of the intellectual world of the Renais- 
sance. 
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CONSTRUCTIVE BIBLE STUDIES 


A series of graded textbooks for religious education in the 
Sunday school, the day school, the home, and organized classes. 


KINDERGARTEN SERIES 


The Sunday Kindergarten: Game, Gift, and Story. By Carrie S. Ferris. 
Teacher’s manual, $1.25 net, postpaid $1.40. Permanent equipment 
for each pupil, $1.00 net, postage extra. Temporary material (renewed 
each year) for each pupil, 35 cents net, postage extra. 


ELEMENTARY SERIES 


Child Religion in Song and Story. (TheChild in His World.) By Georgia L. 
Chamberlin and Mary Root Kern. Teacher’s manual, $1.25 net, post- 
paid $1.39. Sunday Story Reminders, pupil’s notebook, 4o cents net, 
postpaid 45 cents. 

Child Religion in Song and Story. (Walks with Jesus in His Home Country.) 
By Georgia L. Chamberlin and Mary Root Kern. Teacher’s manual, 
$1.25 net, postpaid $1.40.  Pupil’s notebook, 4o cents net, postpatd 
45 cents. . 

An Introduction to the Bible for Teachers of Children. By Georgia L. Cham- 
berlin. Teacher’s manual, $1.00 net, postpaid $1.10. The Books of the 
Bible, pupil’s notebook, 25 cents net, postpaid 30 cents. Smaller notebook, 
10 cents nel, postpaid 12 cents. 

The Life of Jesus. By Herbert W. Gates. Teacher's manual, 75 cents net, 
postpaid 83 cents. Pupil’s notebook, 50 cents net, postpaid 58 cents. 

Paul of Tarsus. By Louise Warren Atkinson. Teacher's manual, $1.00 
nel, postpaid $1.10. Pupil’s notebook, 50 cents net, postpaid 59 cents. 
Pupil’s home-work book, 25 cents net, postpaid 28 cents. 


Heroes of Israel. By Theodore G. Soares. Pupil’s textbook, $1.00 net, post- 
paid $1.13. Teacher's manual, $1.00 net, postage extra. 


SECONDARY SERIES 


The Gospel of Mark. By Ernest D. Burton. Pupil’s textbook, $1.00 net, 
postpaid $1.12. 


Studies in the First Book of Samuel. By Herbert L. Willett. Pupil’s text- 
book, $1.00 net, postpaid $1.13. 


The Life of Christ. By Isaac B. Burgess. Pupil’s textbook, $1.00 net, 
postpaid $1.12. Pupil’s notebook, 25 cents net, postage extra. 


The Hebrew Prophets, or Patriots and Leaders of Israel. By Georgia Louise 
Chamberlin. Pupil’s textbook, $1.00 net, postpaid $1.12. Teacher's 
manual (in preparation). 
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ADULT SERIES 
The Life of Christ. By Ernest D. Burton and Shailer Mathews. $1.00 net, 
postpaid $1.14. 


A Short History of Christianity in the Apostolic Age. By George H. Gilbert. 
$1.00 net, postpaid $1.12. 


The Prophetic Element in the Old Testament. By William R. H arper. $1.00 
net, postpaid $r.Io. 


The Priestly Element in the Old Testament. By William R. Harper. $1.00 
net, postpaid $1.12. 


Christianity and Its Bible. By Henry F.Waring. $1.00 net, postpaid $1.12. 

A Short Introduction to the Gospels. By Ernest D. Burton, $1.00 net, 
postpaid $1.07. 

A Handbook of the Life of the Apostle Paul. By Ernest D. Burton. 50 cents 
net, postpaid 54 cents. 

Social Duties. By Charles Richmond Henderson. $1.25 net, postpaid $1. 37. 


Great Men of the Christian Church. By Williston Walker. $1.25 net, 
postpaid $1 . 37. 


AMERICAN INSTITUTE OF SACRED LITERATURE 
OUTLINE STUDIES 


The Life of the Christ. By Ernest D. Burton. 50 cents net, postpaid 54 cents. 
The Foreshadowings of the Christ. By William R. Harper. 50 cents net, 
se postpaid 54 cents. 


The Founding of the Christian Church. By Ernest D. Burton. 50 cents net, 
postpaid 54 cents. 


The Work of the Old Testament Sages. By William R. Harper. 50 cents net, 
postpaid 54 cents. 


The Work of the Old Testament Priests. By William R. Harper. 50 cents 
net, postpaid 54 cents. 


The Social and Ethical Teachings Phat Jesus. By Shailer Mathews. 50 cents 
net, postpaid 54 cents. 


The Universal Element in the Psalter. By John M. P. Smith and Georgia L. 
Chamberlin. 50 cents net, postpaid 53 cents. 


The Book of Job, or the Problem of Human Suffering. By William R. Harper. 
25 cents net, postpaid 27 cents. 


Four Letters of Paul. By Ernest D. Burton. 25 cents net, postpaid 27 cents. 


The Origin and Religious Teaching of the Old Testament Books. By Georgia 
L. Chamberlin. 50 cents net, postpaid 54 cents. 
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The Child and Hts Religion. By George E. Dawson, of the 
Hartford School of Religious Pedagogy. 


130 pages, 16mo, cloth; postpaid 82 cents 


The aim of the book is to suggest the principal elements in 
the child’s religious nature and training. ‘The first chapter treats 
of interest as the fundamental dynamic factor in life and growth. 
The second chapter considers the child’s natural religious reac- 
tions to its environing world as modes of such interest. The 
third chapter gives the results of an inductive study of children’s 
interest in the Bible. And the fourth chapter applies the prin- 
ciples thus brought to light to the general Pe of religious 
education. 

Journal of Education. Here is a realm of deepest interest and full of the 
greatest surprises. What the child thinks religiously has attracted many 
an able writer, and has given many a mother food for thought. Our 
author gives us in this little work some excellent material about the 
little people’s religious concepts. Out of the strangeness of many of 
their sayings, and especially their queries, the author guides us to the 
great principles involved in them, although unknown to the child mind 
at the time. It will prove itself a worthy book for anyone to read 
who has anything to do with the religious training of children. It is 
as reverent as it is suggestive. 


Ezra Studies. By Charles C. Torrey, Professor of Semitic Lan- 
guages in Yale University. 


340 pages, 8vo, cloth; postpaid $1.69 


Of all the apocalyptic and apocryphal writings that are traced 
to Palestinian Jewish sources none has had so important a bearing 
on the science of Old Testament literature as First Esdras. 
The author has perceived that a thorough revision of the existing 
notions of the history of the Jewish people in the Persian period 
is inevitable, and each chapter of his book is constructive. 

The Biblical World. No scholar hereafter can do any creditable work 


upon Chronicles, Ezra, and Nehemiah, without taking full account of 
the labors of Professor Torrey. 


The Nation. His scholarly investigations offer a noteworthy contribu- 
tion to our knowledge of Jewish life in the period under discussion 


and to the criticism of a considerable part of the later Old Testament 
writings. 
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First-Year Mathematics for Secondary Schools. Second-Year 
Mathematics for Secondary Schools. By George William 
Myers, Professor of the Teaching of Mathematics and Astron- 
omy in the College of Education of the University of Chicago, 
Assisted by the Instructors in Mathematics in the University 
High School. 


First-Year, 378 pages, 12mo, cloth; postpaid $1.13 
Second-Year, 290 pages, 12mo, cloth; postpaid $1.63 


The two texts cover the essentials of what is commonly 
required of all pupils in the first two years of secondary schools 
in this country, and include, in addition, the elementary notions 
of plane trigonometry through the solution of right triangles, 
as well as an introduction to some topics of formal algebra not 
usually treated in secondary texts. Second-Year Mathematics 
lays chief emphasis on geometry, as First-Year Mathematics 
does on algebra. Professor Myers began the preparation of his 
books in the conviction that the divisions of mathematics in 
secondary schools were largely artificial and ineffectual in con-. 
necting the subject with the student’s experience. He aimed to 
make the work of the first high-school year connect smoothly 
and logically with eighth-grade work through both mensuration 
and general number, rather than with one of these subjects in 
the first year and the other in the second year. The first book 
is an outgrowth of these two arithmetical topics, developing 
algebra through quadratics and introducing considerable pre- 
liminary work in geometry before the close of the year. 

The new book, Second-Year Mathematics, begins with 
constructive and inductive geometry and passes rapidly to 
demonstrative geometry. It is the author’s belief that by the 
employment of algebraic notation and by the continued applica: 
tion of the equation to geometrical matters, the hold on algebra 
is kept firm until the opportunity arises to develop with profit 
other algebraic topics, such as the completion of methods of 
solution of the quadratic equation, a discussion of the roots, and 
the use of inequalities in the solution of indeterminate equations. 
Plane geometry is fully covered. The first book may be styled 
algebra with associated arithmetic and geometry; the second, 
geometry with associated algebra and trigonometry. 

The Nation. ‘Teachers generally should study the books and prepare for 


the change of method of presenting mathematics which seems likely 
to be tried in the near future. 
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Morphology of Gymnosperms. By John M. Coulter, Professor 
of Botany, and Charles J. Chamberlain, Assistant Professor 
of Botany in the University of Chicago. 


470 pages, 462 illustrations, 8vo, cloth; postpaid $4.22 


This work is a revised and enlarged edition of the book 
brought out by Professors Coulter and Chamberlain in 1gor. 

Each of the seven great groups is here presented in detail, 
and a final chapter discusses the problem of phylogeny and points 
out the evolutionary tendencies. ‘The extinct groups, notably 
the primitive “seed-ferns,’’ are now included for the first time; 
and vascular anatomy is fully recognized as a morphological 
subject of first importance. The entire presentation is thoroughly 
and systematically organized and arranged with a view to the 
greatest possible clearness. The illustrations are numerous and 
in large part original. | 


Outlines of Geologic History with Especial Reference to North 
America: A Series of Essays Involving a Discussion of Geo- 
logic Correlation, Originally Presented before Section E of the 
American Association of Science. Symposium Organized by 
Batley Willis, Professorial Lecturer on Geology in the Uni- 
versity of Chicago. Compilation Edited by Rollin D. Salis- 
bury, Professor of Geographic Geology in the University of 
Chicago. 

316 pages, 8vo, cloth; postpaid $1.66 


The series as a whole represents the successful execution of 
the plan on which all the monographs were based—namely, to 
formulate the principles of correlation as applied to the forma- 
tions of the various geologic periods. The evolution of floras 
and faunas has been traced with especial attention to environ- 
ment and correlation. As originally presented, the papers excited 
much interest and discussion. They embody the present state 
of knowledge and opinion concerning many of the fundamental 
problems of North American geology, and form an admirable 
supplement to earlier treatises and manuals. 
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HANDBOOKS ON THE FINE ARTS 


Per doz., $3.00. 


Each, 25 cents; postpaid, 30 cents 


Rowbotham’s Art of Sketching from Nature. 
Rowbotham’s Art of Landscape Painting in 
Water Colors. 

Penley’s System of Water Color Painting. 

eee ’s Art of Marine Painting in Water 

olors. 

Hatton’s Hints for Sketching in Water Colors 

from Nature. 

Merrifield’s Art of Portrait Painting in Water 

Colors. 

Day’s Art of Miniature Painting. 

Duffield’s Art of Flower Painting in Water 

Colors. 

10. Williams’ Art of Landscape Painting in Oil 
Colors with Instructions for the Mixing and 
Composition of Tints. 

11. Murray’s Art of Portrait Painting in Oil Colors. 

12. Carmichael’s Art of Marine Painting in Oil 
Colors. . 

13. Penley’s Elements of Perspective. 

15. Laing’s Manual of Illumination. 

16. Laing’s Companion to Manual of Illumination. 

17. Weigall’s Art of Figure Drawing. 

19. oe Artistic Anatomy of the Human 

igure. 

21. Hawkin’s Anatomy of the Horse. 

23. Murray’s Art of Drawing in Colored Pastel 

: Crayons. : 

27. Martel’s Principles of Coloring in Painting. 

30. Mogford’s Instructions for Cleaning, Repair- 

ing, Lining, and Restoring Oil Paintings, with 

a chapter on Varnishing. 
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33. Robertson’s Art of Etching on Copper. 

34. Robertson’s Art of Painting on China, with a 
Chapter on Terra Cotta Painting in Oil and 
Water Colors. 

36. Wallis’ Water Color Sketcher’s Manual, con- 
taining Dictionary of Mixed Tints and Combi- 
nations of Water Colors for all subjects in 
Landscape Painting. 

37. Muckley’s Flower Painting in Oil Colors (with 
Colored Illustrations). 

39. Muckley’s Fruit and Still Life Painting in Oil 
and Water Colors (with Colored Illustrations). 

40. Robertson’s Pen-and-Ink Drawing. 

41. Delamotte’s Trees and How to Draw Them. 

42. Davis on the Interior Decoration of Dwelling 
Houses (with Illustrations of Colors suitable 
for Rooms). 

43. Taylor’s Description of Modern Water Color 
Pigments, Illustrated with Washes of Seventy- 
two Colors, Graduated by hand on Whatman’s 
Drawing Paper. 

44, Gullick’s Oil Painting on Glass, including 
Painting on Mirrors, Windows, etc. 

45. Cartlidge’s Oil Painting for Beginners. <A 
Manual of Elementary Instruction (with Col- 
ored Illustrations). 

46. P.E. Bodington. The Drawing Book or Free 
Hand Self Taught( with Practical Illustrations). 

47. Macbeth Raeburn’s. The Sketcher’s Oil Colors 
Manual (Oil Color Technique). 


WINSOR & NEWTON 


New York Office: 298 Broadway 


Sold by all Booksellers and Artists’ Colormen II 


Fifty-six 
Volumes 


Issued 


THE MUSICIANS 
LIBRARY 


The masterpieces of Song and Piano Music, 
in a Series of Splendid Volumes, Edited with 
Authority, and Engraved, Printed, and Bound 
with Surpassing Excellence. 


PRICES . 
Each Volume in heavy paper, cloth back $1.50 
In full cloth gilt ; ‘ : 2.50 
Prices include transportation. Booklets giving 
full particulars, special features, and complete 
list of Volumes published, free on request. 


Write for Special Prices to Pub- 
lic, School, and College Libraries 


OLIVER DITSON CO., Boston 
CHAS. H. DITSON & CO., New York 
J. E. DITSON & CO., Philadelphia 


The Very Latest 


THE ONLY HISTORICAL WORK 
BROUGHT DOWN TO 1910 


A NEW SEVEN VOLUME EDITION 
OF THE STANDARD 


LARNED’S HISTORY FOR 
READY REFERENCE 


is now ready. Gleaning in every field and department of 
History, political, social, economic, religious, educational, 
from great. historians and special students, quoting 
exactly from more then 2000 writers, on more than 23,000 
subjects, alphabetically and chronologically arranged, 
with an interwoven index, Mr. Larned has compiled a 
work that is unique in kind and quality, as itisin interest 
and usefulness. Complete texts of national Constitutions 
and of over 200 great basic documents of history, with 
many historical maps, are features of important value, 
Hundreds of eminent Statesmen, Jurists, Divines, Teach- 
ers and others have volunteered warm words in praise of 
the work. 

The new volume gives latest and full information of 
all the great movements of the day, concerning Trusts, 
Railway Regulation, Tariff and Currency Reform, Muni- 
cipal Reform, Labor Movements, Peace Movements, 
Conservation, etc. 


AGENTS WANTED 


Write for specimen pages, prices and terms to 


C. A. NICHOLS CO., Publishers 


SPRINGFIELD, MASS. 


Light Waves 
and Their Uses 


By Albert A. Michelson 


1. Wave Motion and Interference. 
2. Comparison of the Efficiency of the Micro- 
scope, Telescope, and Interferometer. 
3. Application of Interference Methods to 
Measurements of Distances and Angles. 
Application of Interference Methods to 
Spectroscopy. 


5. Light Waves as Standards of Length. 


6. Analysis of the Action of Magnetism on 
Light Waves by the Interferometer and 
the Echelon. 


7. Application of Interference Methods to 
Astronomy. 


8 The Ether. 


With 108 text figures and three full-page lithographs. 


Numerous practical applications of recent theories in optics together with accurate 
illustrations and descriptions of apparatus add materially to the value of this book. 
Students of physics and astronomy will find here an admirable condensation of the some- 
what scattered literature of the subject, presented in an original and entertaining manner. 


Price $1.50 net; $1.63 postpaid. 


The University of Chicago Press 


Chicago, Illinois 


SECOND EDITION, ILLUSTRATED 


AN INDISPENSABLE BOOK 
FOR STUDENTS OF BOTANY 


Methods in Plant Histology 


“By CHARLES J]. CHAMBERLAIN, PH.D. 
of the Department of Botany in the 
University of Chicago 


Ce BOOK contains directions for collecting and preparing 


plant material for microscopic investigation. It is based 

upon a course in botanical micro-technique, and is the first 

complete manual to be published on this subject. It aims 
to meet the requirements, not only of the student who has the 
assistance of an instructor in a fully equipped laboratory, but 
also of the student who must work by himself and with limited 
apparatus. Freehand sectioniny, the paraffin method, the celloi- 
din method, and the glycerin method are treated in considerable 
detail. In later chapters specific directions are given for making 
such preparations as are needed by those who wish to study the 
plant kingdom from the algae up to the flowering plants. For- 
mulas are given for the reagents commonly used in the histologi- 
cal laboratory. 


The new edition includes a description of Klebs‘s methods for 
securing reproductive phases in the algae and fungi, and chap- 
ters on the Venetian turpentine method, microchemical tests, 
free-hand sections, special methods, and the use of the micro- 
scope. The volume is thus enlarged from 168 to 272 pages. 


$2.25 nets $2.39 postpaid 


THE UNIVERSITY OF CHICAGO 


PRESS CHICAGO. ILLINOIS 


A Contribution to the 
Theory of Glacial 


Motion : 


THOMAS CHROWDER CHAMBERLIN 
Head Professor of Geology in The University of Chicago 


SHORT treatise in which are 
discussed (1) the growth and 
constitution of a glacier; (2) the ar- 
rangement of the crystalline axes; 
(3) glacial temperatures; (4) the 
probable fundamental element in 
glacial motion; (5) auxiliary ele- 
ments; (6) corroborative phenomena. 
There are appended a bibliography 
and twelve half-tone illustrations. 


19 pp., 4to, paper, net, 50c.; postpaid, 53c. 


The University of Chicago Press 


Chicago, IIlinois 


IT 


By ELIZABETH S.N. WATROUS $1.50 


THE title is one to attract attention. Jean, the 
daughter of a primitive family in the back- 
woods of the Adirondack Mountains, has aspira- 
tions far beyond her surroundings. Six weeks of 
schooling she has a year, and four miles a day to 
walk to the schoolhouse. As she grew older and 
had opportunity to see a few magazines and 
papers (used as wrapping-paper from the mine 
store) she had many visions of the world outside 
her narrow horizon. But read the story yourself 
to see Jean Cummings’ endeavor to be as other 
girls in the outside world. 


The Man From Mars 


or Service for Service’s Sake 
By HENRY W. DOWDING $1.50 


HE hero of this remarkable story is a General 

Moraine, who, having spent many years in 
Paris and other parts of Europe, claims to have 
visited Mars, obtaining authentic information 
and data relating to the civilization on that 
planet. Chapter by chapter he narrates his jour- 
ney to Mars, tells in detail of his experiences up- 
on that wonderful planet—depicting a civilization 
younger than our own, but vastly superior; de- 
scribing the social, political, religious, and educa- 
tional customs of the planet, and disclosing the 
secret of its greatness. 


Special Consideration Given to Authors’ MSS. 


Cochrane Publishing Company 
Tribune Building New York 


I2 


Ammeters, 


The Edited by 1Thomas C, Chamberlin. Published 
semi-quarterly, with illustrations. Subscrip- 
Journal tion price, $3.00 a year; single copies, 50 


cents; foreign postage, 53 cents 


of THE UNIVERSITY OF CHICAGO PRESS 
CHICAGO, ILLINOIS 


THE ASTROPHYSIGAL JOURNAL 


Issued monthly except February and August, $5.00a year; 
single copies, 65 cents, Foreign postage, 62 cents, 


Che University of Chicago dress 


CHICAGO, ILLINOIS 


WESTO 


Milli-Ammeters and Voltmeters 


are of the “‘soft iron” or electro-magnetic type; but they possess so many novel and 
valuable characteristics as to practically constitute a new type of instrument, They are 
exceedingly cheap, but are remarkably accurate and well made. and nicely finished in- 
struments, and are admirably adapted for general use in small plants, where cost is fre- 
quently an important consideration. 

Correspondence concerning these Weston instruments ts solicited by 


WESTON ELECTRICAL INSTRUMENT COMPANY, 


New York Orrice: 114 Liberty St. 
San Francisco: 682-684 Mission St. 
Lonpon Brancu: Audrey House, Ely Place, Holborn 


The Botanical Gazette 


LANTERN 
SLIDES 


AT HALF PRICE AND LESS 
A MOST UNUSUAL OFFER 


We have purchased from the Estate of 
Henry T. Coates, the noted publisher, his 
entire collection of lantern slides. 


The Greatest Private Collection 

in this country, containing thousands of rare 
and beautiful subjects obtained by Mr. Coates 
in his extensive travels and covering scenes in 
England, Ireland, Scotland, the Holy Land, 
Europe and America, also slides of Art, His- 
tory, Religion, etc. This wonderful collec- 
tion we have classified and are offering at 
prices never before approached. 

Write promp ly for Sales List 10 HC of 
these slides, and also for lists of our New In- 
tenso Electric Lamp, which runs noiselessly 
on any current, requires no rheostat or car- 
bons, also the new Alco-Radiant Lamp, in- 
tensely brilliant, for use where electricity is 
not available. We make 50 styles of Magic 
Lanterns and Post Card Projectors and have 
50,000 Lantern Slides for sale or rent. 


WILLIAMS, BROWN & EARLE, Inc. 10 
Dept. 25 918 Chestnut St., Philadelphia, Pa. 


ECLIPSE DIRECT CURRENT 
SWITCHBOARD 


Waverly Park, Newark, N. J., U.S. A. 
Paris, France: E. H. Cadiot, 12 Rue St. Georges 
Bertin: Weston Instrument Co., Ltd., Schone- 

berg, Geneststr, 5. 3 


Kdited by John M. Coulter 
Published monthly, with illustrations. Subscription 
price, $7.00 a year; single copies, 75 cents; foreign 
postage, 84 cents 


THE UNIVERSITY OF CHICAGO PRESS 
CHICAGO, ILLINOIS 


ONE OF OUR BOOK BARGAINS 


' Chambers’ Cyclopedia of English Literature. 
Last Revised Edition, 3 Large 8vo Volumes, Half 


Leather. Publishers’ Price $18.00. Our Special 
Price $9 00. Express Paid. 


THE H. R. HUNTTING COMPANY 


Springfield, Mass. 


| BRITTANY AND 


| GEORGE WHARTON EDWARDS 


Superbly illustrated in color and 


| is designed to be a companion 


| day,” 


; and absorbingly interesting, 
| while Mr. Edwards’ many draw- 


| THE HOUSE OF 


j cleanly and beautifully writ- 


MOFFAT, YARD 
& COMPANY 


New Books of Real Worth “ 


OFFAT, YARD 
& COMPANY 


LIFE AND LETTERS OF 


EDMUND CLARENCE STEDMA 


By LAURA STEDMAN and GEORGE M. GOULD 


Large 8vo. Two volumes. 


16 wlustrations. 


$7.50 net. By express, $8.00 


“A posthumous autobiography,” is what Colonel William C. Church calls this remarkable work, 
adding, “in this book Stedman speaks to his friends again.”’ . 
Miss Stedman herself, who was her grandfather’s literary assistant for years, calls the book “an 


autobiographic biography.” 


This work unquestionably is the finest piece of American biography in recent years. 


THE BRETONS 


By 


halftone by the author 


7% xI0% inches. $6.00 net. 
By express, $6.40 


This distinguished travel book 


to the author's ‘‘ Holland of To- 
last autumn's splendid 
success, 


The text is full, authoritative, 


ings and paintings are dis- 
tinguished and unique. 


BONDAGE 


By REGINALD 
WRIGHT KAUFFMAN 


Z2mM0, 


BI.375 net. away his best novel. 


‘Terrible in its realism.’’ 
—Fortland Oregonian. 
“The novel is artistically, 


By mail, $1.47 


ten."’—Hartford Courant. 


“MR. SNAITH'’S MOST WHIMSICAL NOVEL” 


MRS. FITZ 


By J. C. SNAITH 
$I.35 net. 
This is the author's best novel—far and 


ter and buzzing talk. 
your friends will presently tell you so. 

It is a novel of present-day life in England, 
and is remarkable for its wonderful charac- 
terization and lively story. 


SHAKESPEARE’S 
_ ENGLAND 


By 
WILLIAM WINTER 


New, £nlarged, Revised, Defini- 
tive Edition. Superbly 
tllustrated 


$3.00 net. By matl, $3.30 

‘‘These volumes about Eng- 
land,’’ wrote Thomas Bailey 
Aldrich of the original edition, 
‘fare the loveliest things that 
have ever been done.”’ 


‘‘Here is England in a drop 
of honey,’’ wrote George Wil- 
liam Curtis. 

The new edition is in large 
part rewritten and brought 
absolutely to date. 


FREEBOOTERS 


OF THE 


WILDERNESS 


By mail, $1.47 By AGNES C. LAUT 


$7.35 net. By mail, $1.47 ° 


This novel will fill the country with laugh- 
It is worth while, and 


A powerful novel of the North- 
west of today by the author of 
‘‘Lords of the North.” It is a 
moving picture of amazing con- 
ditions built around a stirring 
story of vivid characterization. 


SS - es ssssssssssssessseesemsne 


COMMON SENSE IN POLITICS 


By Jos E, HEDGES 
z2mo, $1.25 net, By mati, $1.37 
“The author has thought seriously, soberly and honestly 
about many of the aspects of contemporary political life in 


America, We commend the book to our fellow citizens,”’— 
New York Sun. 


THE INFINITE PRESENCE 


By Grorce M, Goutp 
Z2mo. $1.50 net, By matt, $1.65 
“Each problem is clearly and concisely outlined and the 
arguments which will reconcile faith and religious feeling 


with the new sciences are logically stated.”— Unzted Pres- 
bytertan, 


MOFFAT, YARD @ COMPANY 


The CHURCH and the INDIVIDUAL 


By FRANK ILSLEY PARADISE 


I2nmo0, $1.50 net. By mail, $1.05 


An interpretation of the Church as a social institution in a 
new order of things, and of the relation of the individual as a 
social being to the Church. 


SCIENTIFIC CHRISTIANITY 
By GERALD LEIGHTON, M.D., F.R.S, 
I2mo, $1.25 net. By mazl, $1.37 


Showing that the example of Christ is a thing quite sepa- 
rate from the Church, the writer demonstraies the possibility 
of working out the Greater Life through the law of evolu- 
tion. 


NEW YORK 
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Nervousness 


The use of Horsford’s Acid Phos- 
phate has been found exceedingly 
valuable in nervous disorders, 
restoring energy, increasing 
mental and physical endurance, 
and as a general tonic. 

Excellent results have also fol- 
lowed its use in the treatment of 
headache arising from derange- 
ment of the digestive organs or 
of the nervous system. 


HORSFORD’S 
Acid Phosphate. 


(Non-Alcoholic.) 


If your druggist can’t supply you send 95 cents 
to RuMFoRD CHEMICAL Works, Providence, R. I., 
for trial size bottle, postage paid. 


The Typewriter That’s Ten Years 
Ahead Is the Typewriter for You. 


THE L.C. SMITH & BROS, TYPEWRITER 


With Ball Bearings throughout and all the 
writing always in sight, measures up at every 
point to the highest scale of modern needs, 


Better work and more of it, greater efficiency 
through and through, the L. C. Smith & Bros. 
Typewriter is the writing machine for you. Send 
for the Book today. 


L. C. SMITH & BROS. TYPEWRITER CO. 
Syracuse, N. Y., U.S.A. 


Intending purchasers 
of a strictly first- 
class Piano 


sh ould 


not fail 


to exam- 
ine the 


merits 
of 
THE WORLD RENOWNED 


SOHMER 


It is the special favorite of the refined and 
cultured musical public on account of its unsur- 
passed tone-quality, unequaled durability, ele- 
gance of design and finish. Catalogue mailed 
on application. 


THE SOHMER-CECILIAN INSIDE PLAYER 
SURPASSES ALL OTHERS 
Favorable Terms to Responsible Parties 


SOHMER & COMPANY 


315 5th Ave., Cor. 32d St. NEW YOR® 


@ To do your: best work in 
teaching, to get the best results, 
you need the inspiration and 
help of illustrative matter. 


Bausch & Lomb 


Combined Opaque 
and Transparent 
Balopticon 


enables the use of the widest 
possible range of material, pro- 
viding for the projection of 
both lantern slides and opaque 
objects interchangeably, in the 
simplest and easiest manner. 


(| Descriptive Circular 7D on 
request. 


Our Name on a Photographic Lens, 
| Microscope, Field Glass, Laboratory Ap- 
paratus, Engineering or any other Scien- 
tific Instrument is our Guarantee. 


Bact (5 lomb Optical ©. 


WEW YORK ‘WASHINGTON CHICAGO SAN FRANCISEG 


LONDON ROCHESTER. NY. FRANKFORT 
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MANUAL 
OF STYLE 


BEING A COMPILATION OF THE TYPOGRAPH4d- 
CAL RULES IN FORCE AT THE UNIVERSITY 
OF CHICAGO PRESS; TO WHICH ARE 
APPENDED SPECIMENS OF TYPES IN USE 


NEW EDITION, 1910 
256 pages, 12mo, paper 
Net 75 cents, postpaid 82 cents 


NE of the most comprehensive works 

on typographical style ever pub- 
lished. Though primarily intended for 
local use, it is believed to possess ele-— 
ments of usefulness for wider circles. It 
is recommended to publishers, writers, 
proofreaders, printers, and others inter- 
ested in typography. 


ADDRESS DEPT. P 


The University of Chicago Press 
CHICAGO, ILLINOIS | 


Preserve Your 
Magazines 


Have them bound in Cloth 
or Leather. It will improve 
the appearance of your 
Library at a small expendi- 
ture. The University of 
Chicago Press has a well- 
equipped job bindery and 
will be pleased to quote 


prices + + e+ ww w& 


The University of Chicago Press 
Mfg. Dept. Bindery 


Chicagc 


FINE INKS 4%? ADHESIVES 
For those who KNOW 


Drawing Inks 
Beerials Writing Ink 
Engrossing Ink 
Taurine Mucilage 
Photo Mounter Paste 
Drawing Board Paste 
Liquid Paste 

Office Paste 
Vegetable Glue, Etc. 


Are the Finest and Best Inks and Adhesives 


Emancipate yourself from the use of corrosive and 
ill-smelling inks and adhesives and adopt the Hig= 
gins Inks and Adhesives. They will be a 
revelation to you, they are so sweet, clean, well 
put up, and witha! so efficient, 


Higgins’ 


At Dealers Generally. 


CHAS. M. HIGGINS & CO., Mfrs. 


Branches: Chicago, London 


271 Ninth Street. Brooklyn, N. Y. 
8 


A 
Short History 
of Wales 


By 


OWEN EDWARDS 
Lecturer on Modern History at Lincoln 
College, Author of ‘‘The Story 
of Wales,’’ etc. 


This book, by one of the most distinguished 
of living Welsh scholars, will supply a long felt 


want. It aims at giving the general reader a 
simple and intelligible outline of the history of 
Wales, and requires no knowledge of either 


Latin or Welsh for its comprehension. It starts 
with prehistoric times and goes down to the 
present day. While each chapter is complete in 
itself, the general plan is symmetrical and easy 
to see. The book is fully equipped with sum- 
maries, pedigrees, and maps. 


162 pages, 12mo, cloth, net 75 cents, 
postpaid 83 cents 


ADDRESS DEPT. P 
The University of Chicago Press 
Chicago, Illinois 


When an operator tells you that 


she uses the 


Remington 


she stands up a little straighter. 


She knows as well as you do 
that her choice of the Recognized 
Leader among Typewriters is a 
fine recommendation--one which 
raises her in your estimation. 


Remington Typewriter Company 
(Incorporated) 
New York and Everywhere 


The Place of Industries 
in Elementary Education 


By KATHARINE ELIZABETH DOPP 


“.. . » Wecan only wish that this book 
may have the wide-reaching influence 
that it deserves.— The ation. 


270 pp., illustrated, net, $1.00; postpaid, $1.11 


Address Dept. P 


The University of Chicago Press 
Chicago, Illinois 


175, 000, 000 WASHBURNE’S PAT, 


“()) K. 9? PAPER 
FASTENERS 
SOLD the past YEAR 


UPERIORITY aly thes 


There is genuine pleasure in 
their use as wellas Perfect Se- 
) curity. Easily put on or taken 
off with the thumb and finger. 
Can be used repeatedly and 

: “they always work.’’ Made 
of brassin 3 sizes. Put upin brass boxes of 100 Fasteners each. 

HANDSOME COMPACT STRONG No Shpping, peat l 
Note our trademark “‘O. K.”’ stamped on every fastener. | 

] tationers. Send 10c for sample box of 50, assorted. | 
Illustrated booklet free. Liberal discount to the trade. 


Rha OK. Mic. Coie Srraccee; NiY,. USS. A. fac 


“THERE ARE TWO REASONS 


Duplicator on 10 days’ trial 


FIRST—It proves OUR confidence in the machine. : 
SECOND—By personal use, YOU can positively tell, before buy- 
ing, whether it meets your requirements. 

Each machine contains 16 feet of duplicating surface, which can 
be used over and over again. Five different colors can be duplicated 
at the same time. Cleanliness, and simplicity of operation, and 
legibility of copies unequaled by any other duplicating process. 


100 COPIES FROM PENWRITTEN AND 
‘50 COPIES FROM TYPEWRITTEN ORIGINAL 


a \¢ \ Complete Duplicator. Cap Size (prints 82x13 | 
: in.). Price $7.50, less special discount of 
ce GSS 333%, net. . 


= == ze Take advaniage of our trial offer 
“ FELIX E. DAUS DUPLICATOR COMPANY, DAUS BUILDING, 111 JOHN STREET, NEW YORK 12 


ITALIAN BOOKS || The Perry Pictures 


of every description Reproductions of the World’s Great Paintings 
ITALIAN BOOK COMPANY Suitable for all ages 
520 BROADWAY 


SUCCESSOR TO ONE CENT 


FRANCESCO TOCCI 


NEW YORK each for 25 or more. 
Works of: Barrili, Butti, Caccianiga, Capra- Size 534x8. (6 to 10 times 
nica, Capuana, Carducci, Castelnuovo, Cor- the size of this picture.) Send 
delia, D’Annunzio, De Amicis, De Marchi, 25c. for 25 art subjects, 
Farina, Fogazzaro, Giacosa, Neera, Negri, Send 3 two-cent stamps for 
Praga, Rovetta, Serao, and other leading Catalogue of 1000 miniature 
writers, always on hand. illustrations, 2 pictures and a 

Catalogue mailed on application. colored Bird Picture, 
BRANCH 147 MULBERY The Perry Pictures Co. 


Box 501 Malden, Mass. 


Che Journal of Political Economy 


a 
Edited by the Faculty of Political Economy of the 
University of Chicago, Published monthly, except in 
August and September. Subscriptiom price, $3.00 a 
year; single copies, 35 cents; foreign postage, 42 cents 
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The University of Chicago Press . —“iHGAGO 


Reduced rates on household goods to all 
Western points. 


Chicago, 443 Marquette Bldg. 


St. Louis, 1501 Wright Bldg. | Philadelphia, Drexel Bldg. 

Boston, 736 Old South Bldg. Los Angeles, 516 Central Bldg. 

New York, 24 Whitehall St, San Francisco, 217 Front St. 
II 


a) UDSON FREIGHT FORWARDING CO. 


PROJECTION APPARATUS 


OR 


VISUAL INSTRUCTION 
VIEWS=CLASSIFIED FOR ALL BRANCHES 


OF STUDY 
: OUR SPECIALTY FOR MANY YEARS 
Catalogue ‘“‘A”’ Instruments of Projection, 48 pages Catalogue ‘‘D” Physical Geography 24 pages 
Catalogue ‘*B” Places of World-renowned Interest, Miscel- Catalogue ‘‘E”’ Commercial Geography, 32 pages 
laneous, Historical, etc,, 200 pages Catalogue ‘‘F”’ Works of the Old Masters, 32 pages 
Catalogue “*C”’ American History, Portraits, etc., 32 pages Catalogue ‘‘H”’ Science and Architecture, 32 pages 


ANY OF THE ABOVE SENT FREE TO TEACHERS 


Established 1783 = McALLISTER MFG. OPTICIANS, Dep’t 17, No. 49 Nassau St,, New York 


None Genuine Without This Signature. 
The Inventor’s Signature that stands for perfection in 


Gittins] SHADE ROLLERS 


: mt For 61 years the Hartshorn Shade Roller has kept in the lead of all imitations, 
i ac because of original merit and every possible improvement. Latest model re- 
Get the Originator’s Signed Product F quires no tacks. Wood or Tin Rollers. Dependable, lasting springs. 


and Avoid Disappointment, 


) Esterbroo, 4 


Gade Citas 
and Chocolates 


are acknowledged the 
vil Ws best the world over. 


Only the highest grades 
} of materials, tested by our 
@7 chemists, are allowed to 
enter into the same, and : 
the blending is supervised ae easiest 
by experts: writing and — 
longest wear- 
What with careful workmanship, as well ; ing of all pens, 
as scrupulous cleanliness in our Plant, 
it is not surprising that 


Her First Choice, Her Last Choice, and 
Her Choice at all times = Ask your stationer. 


Is the Unequalled ak The Esterbrook Steel Pen Mfg. Co., _ 
Matchless Dlheny” Gut a al Works: Camden, N. J. 26 John Street, New York. 


Ohe 
University of Chicago Press 


and there’s a style 
to suit every writer. 


AGENCIES 
T: UNIVERSITY OF CHICAGO PRESS WILL HEREAFTER BE 
REPRESENTED IN NEW YORK CITY BY THE BAKER & 
TAYLOR CO., 33 EAST SEVENTEENTH STREET. DEALERS 
AND CUSTOMERS EAST OF BUFFALO AND PITTSBURGH WILL 
SAVE TIME BY ORDERING OF THIS AGENCY. ANY OF THE 
BOOKS ON THE LIST OF THE UNIVERSITY PRESS CAN BE THUS 
OBTAINED. 


THE AGENCY FOR THE BRITISH EMPIRE (EXCLUSIVE OF 
THE WESTERN HEMISPHERE, BUT INCLUDING EGYPT) WILL HERE- 
AFTER BE VESTED IN THE CAMBRIDGE UNIVERSITY PRESS OF 
LONDON AND EDINBURGH. ORDERS FROM THIS TERRITORY 

- SHOULD BE SENT TO THEIR ADDRESS. 


The WEST IN 


F YOU are contemplating a trip to congenial climes 
this winter, our program of pleasure cruises will 
offer excellent suggestions. An extensive range of 

choice is offered in our various cruises, arranged with 
due regard to your inclination, time and purse. 


Our well-known cruises to the West Indies will be 
repeated this year by the S.S. Moltke—12,500 tons— 
the largest and finest steamship going to the Caribbean, 
specially built for service in the tropics and superbly 
equipped for safety and comfort. The Moltke will 
leave New York 


January 24, 1911, for a cruise of 28 days’ duration, visiting all the principal 
places of interest in the West Indies, Panama, Venezuela, Spanish 
Main, etc. This cruise will be repeated on / 

February 25, 1911, under the same conditions. The cost of each trip will 
be from $150 up. 


On March 28, 1911, the Moltke will make a cruise of 16 days’ duration, 
visiting Havana, San Juan, St. Thomas and Bermuda. Cost from $85 up. 


SOUTH AMERICAN CRUISE by the S.S. Bluecher, 12,500 tons, leaves New York, 
January 21, 1911. A splendid trip of 74 days—along the East Coast 
as far as the Straits of Magellan and up the Pacific Coast to Valparaiso 
—Trip across the Andes—Visits to the wonderful cities of Rio Janeiro, 
Buenos Aires, Montevideo, Santiago, etc., etc.- Cost from $325 up. 


ORIENT CRUISE by the 17,000 ton S. S. Cleveland leaves New York, January 28, 
1911, for the Mediterranean, Egypt, Holy Land, etc. Duration 
80 days. Cost $325 up. 


TWO ROUND THE WORLD CRUISES by the S.S. Cleveland. From New York 
November 1, 1911; from San Francisco February 17, 1912. Duration of each 
cruise 110 days. Cost $650 upwards, including all necessary expenses 
afloat and ashore. Finest pleasure cruise ever planned. Optional 
14 and 17 day tours in India and Japan. Le 

Our Illustrated Booklets contain full information about the fi 
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BY HERBERT J. DAVENPORT 


The author thus defines his position 
in his preface: “Since the time of Adam 
Smith, economic theory has been in 
possession of doctrines enough for a 
reasonably complete, consistent, and 
logical system of thought—if only those 
doctrines had been, with a wise eclecti- 
cism, properly combined and articulated. 
The emphasis in the present volume 
upon the entrepreneur point of view in 
the computation of costs and in the 
analysis of the process by which distrib- 
utive shares are assigned, has nothing 
new in it; it was necessary only that the 
point of view be clearly distinguished, 
consistently held, and fully developed.” 
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HIS book, revised and enlarged for the English- 

speaking public, has already been published in a 

German series. The introduction contains a 
summary of the European laws on workingmen’s in- 
surance against accident, sickness, invalidism, and old 
age, with statistics to 1908, The text describes the 
various forms of social insurance known in the United 
States and Canada; local clubs and associations, fra- 
ternal societies, trade union benefit funds, schemes of 
large firms, corporations, and railways, One chapter 
is directed to labor legislation and another to employ- 
er’s liability laws, Illustrations of the movement are 
given in chapters on municipal pension plans for 
policemen, firemen, and teachers; also the military 
pensions of the federal government and southern states, 
The appendix supplies bibliography, forms used by 
firms and corporations, text of bills, and laws on the 
subject. 
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No matter whether they have ever used 
a fountain pen or not, Moore’s is sure to 
be acceptable for it eliminates all fountain 
pen trou es. 

oore’s is the original Non-Leakable 
Fountain Pen. can be carried in any 
position, upside dows or on its side loosely 
in pocket or bag. IT WON'T LEAK 

It wnites at the first stroke. No shaking. 
It is already to fill when the cap is re- 
moved, No joints to unscrew. No inky 
fingers. 

Moore's Non-Leakable Fountain Pens 
are made in various sizes ranging in price 
from $2.50 to $5.50. lso in a variety 
of gold and silver mountings and solid sil- 
yerand gold. Pen points to suit any hand, 

For Sale Everywhere. 
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we print 
Advertisements 


in Our Journals 


4s ]HIS journal is published with the object of 
=] promulgating the results of advanced study 
in the particular science which it represents. 
As a subscriber to the journal, you are, we 
assume, interested in the extent to which 
this can be accomplished, as well as in the 
perfection of its mechanical presentation. 


Each of these lines of effort is attended by a large 
outlay of money. It follows that the greater the income 
of the journal, the more nearly it can approach an ideal 
attanmment in both directions. A legitimate—and in 
some cases a preponderatingly large—source of income 
is advertising. 


We exercise a rigid censorship over advertising. 
We accept none that we do not believe to be thoroughly | 
reliable. We consistently refuse any that might in the | 
least degree be offensive or inappropriate to our clientéle 
of subscribers. 


In view of this, our readers may properly consult . 
their own interests and at the same time render substantial 
assistance to the journal by patronizing the advertisers 
whose announcements appear in these pages, and by 
mentioning the journal when so doing. 
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